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Abstract

:

Third-degree burn injuries pose a significant health threat. Safer, easier-to-use, and more effective techniques are urgently needed for their treatment. We hypothesized that covalently bonded conjugates of fatty acids and tripeptides can form wound-compatible hydrogels that can accelerate healing. We first designed conjugated structures as fatty acid–aminoacid1–amonoacid2–aspartate amphiphiles (Cn acid–AA1–AA2–D), which were potentially capable of self-assembling into hydrogels according to the structure and properties of each moiety. We then generated 14 novel conjugates based on this design by using two Fmoc/tBu solid-phase peptide synthesis techniques; we verified their structures and purities through liquid chromatography with tandem mass spectrometry and nuclear magnetic resonance spectroscopy. Of them, 13 conjugates formed hydrogels at low concentrations (≥0.25% w/v), but C8 acid-ILD-NH2 showed the best hydrogelation and was investigated further. Scanning electron microscopy revealed that C8 acid-ILD-NH2 formed fibrous network structures and rapidly formed hydrogels that were stable in phosphate-buffered saline (pH 2–8, 37 °C), a typical pathophysiological condition. Injection and rheological studies revealed that the hydrogels manifested important wound treatment properties, including injectability, shear thinning, rapid re-gelation, and wound-compatible mechanics (e.g., moduli G″ and G′, ~0.5–15 kPa). The C8 acid-ILD-NH2(2) hydrogel markedly accelerated the healing of third-degree burn wounds on C57BL/6J mice. Taken together, our findings demonstrated the potential of the Cn fatty acid–AA1–AA2–D molecular template to form hydrogels capable of promoting the wound healing of third-degree burns.
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1. Introduction


Third-degree burn injuries involve the destruction of full-thickness skin, posing a significant health threat [1,2,3]. The typical treatment for burn wounds involves debridement, followed by the application of topical and antimicrobial agents to support skin rebuilding and vascular network formation [4]. In general, the traditional clinical methods to treat wounds, including third-degree burns, are anti-infection, vacuum suction, oxygen therapy, and the use of dressings such as gauze, foams, bandages, hydrocolloids, iodine and silver dressings, and films. Some third-degree burn wounds are also repaired using skin grafts by harvesting healthy skin from other parts of the body. However, graft harvesting itself results in new wounds, thereby compromising the function of the donor sites. The overall graft procedure is lengthy, risky, and costly and can result in debilitation, thereby necessitating the development of a safer, easier-to-use, and more effective technique for the repair of third-degree burns.



The most important factor for the rapid healing of wounds is the maintenance of a moist environment, as this can facilitate high oxygen permeation and wound exudate removal. Therefore, therapeutics should promote these processes while also supporting proliferation and tissue remodeling [5]. Naturally occurring polymers, such as chitosan, alginate, elastin, cellulose, fibrin, hyaluronic acid, pectin, dextran, and collagen, are biopolymers that are generally used in wound dressings [6,7,8,9,10,11,12,13,14]. However, these natural polymers have poorer stability, structural heterogeneity, and mechanical properties than their synthetic counterparts, which also possess other merits, such as the ease of application, appropriate firmness and elasticity, and superior water retention capacity [15]. Therefore, biomaterials are usually incorporated into hydrogels for wound dressings, and various polymer-based hydrogels, such as polyethylene glycol or polyvinyl alcohol, can serve as inert supports/scaffolds [16]. Hydrogels are used to promote wound healing because they can hold large amounts of water or biological fluid, thereby structurally mimicking the three-dimensional (3D) network structure of the natural extracellular matrix [17,18,19,20,21,22,23]. Hydrogels fabricated from natural tissue components, such as collagens, fibrins, and cellular dermal matrices, have been used successfully to promote wound repair and regeneration [24,25,26]; however, tissue-derived natural biomaterials have several disadvantages, including high cost, poor reproducibility, low availability, and the potential risk of disease transmission [24,25,26]. To overcome these shortcomings, synthetic biomaterials that can be fabricated into hydrogels are highly desirable, as they can mimic the structural, mechanical, and chemical properties of skin.



Peptide-based hydrogels generated through organic synthesis are inherently biocompatible and biodegradable because they can be broken down to individual nutrient amino acids by enzymes present in tissues [27]. Concomitantly, peptide-incorporated hydrogels have found enormous applications in the biochemical and biomedical fields as materials for the sustained release of drugs and biomolecules [28], cell culture substrates, tissue engineering [29], and (pertinent to this report) scaffolds for wound healing [30,31]. Peptides containing aromatic amino acids, including NFGAIL [32], DFNKF [33], KLVFFAE [34], and FDFSFDFS [35], tend to assume a β-sheet conformation due to π−π stacking that drives fibril formation. The pentapeptide KYFIL forms a stimulus-responsive and highly stable injectable hydrogel for tissue engineering applications [36]. Similarly, an ultrashort peptide-based hydrogel showing high mechanical properties has been used for the healing of critical bone defects in rabbits [37]. Peptide amphiphiles containing a hydrophobic alkyl tail and a hydrophilic peptide domain, such as LIVAGD, can spontaneously self-assemble into hydrogels in an aqueous solution to form robust hydrogels via β-sheet assembly [38].



We hypothesized that a covalently bonded conjugate of a fatty acid and tripeptide would form a wound-compatible hydrogel capable of accelerating healing. We aimed to develop a hydrogelator that is as simple and as small as the previously reported ultrashort peptide hydrogelators, easily made, and effective in promoting the healing of third-degree burns. Its hydrogel should have the following properties: be compatible with burn wounds in terms of viscoelasticity (0.5–15 kPa [39,40]), injectable to ensure easy application to wounds, stable on wounds for more than a week (with a pH of 2–8); have the osmolarity of saline; exert no systematic or local toxicity; and should be fully degradable when the wounds are healed. The advantages of using fatty acids are that they are safe as they naturally exist in the human body, can be easily linked to the N-terminal amino groups of peptides via amide bonds, and can participate in hydrogelation through their hydrophobic carbon chains as a moiety of the hydrogelator. To the best of our knowledge, no hydrogelator with this composition has yet been reported. Based on our previous unreported trials, we targeted a tripeptide as a moiety of the hydrogelator. Additionally, longer peptides have more amide bonds, which may not only increase the preparation cost but also increase the sites for undesired enzymatic degradation or nonenzymatic hydrolysis of the peptides, thus impacting the stability of the peptides. Shorter peptides (dipeptides) may have lower gelability than longer peptides because of the lower intermolecular interaction (hydrogen bonds and hydrophobic force) [32,33,34,35].



Here, we report our approaches to testing our hypothesis and achieving our objectives. We have developed novel covalently bonded conjugates of caprylic acid–tripeptide (isoleucine–leucine–aspartic acid) compounds capable of hydrogelation. These compounds were rationally designed and synthesized using Fmoc/tBu-based solid-phase peptide synthesis (SPPS) strategies and characterized using liquid chromatography with tandem mass spectrometry (LC-MS/MS) and NMR spectroscopic techniques. The hydrogelation was undertaken in saline, followed by concentration and pH studies, and the swelling ratio (%) for a representative compound (2) was obtained. The novel hydrogel from (2) has proven injectable properties and its mechanical properties revealed that 2 possesses a wound-compatible storage modulus and excellent shear-thinning ability. Compound 2 can form a wound-compatible and injectable hydrogel capable of accelerating the wound healing of third-degree burn wounds.




2. Materials and Methods


2.1. Materials


Fmoc-protected amino acids—Fmoc-Ile-OH (CAS No. 71989-23-6, 98%), Fmoc-Ala-OH (CAS No. 35661-39-3, 99.92%), Fmoc-Val-OH (CAS No. 68858-20-8, 99.56%), Fmoc-Leu-OH (CAS No. 35661-60-0, 99.78%), and Fmoc-Asp(OtBu)-OH (CAS No. 71989-14-5, 99.92%)—and fatty acids, namely n-octanoic acid (CAS No. 124-07-2, 99.56%) and tetradecanoic acid (CAS No. 544-63-8, 99%), were purchased from BLD Pharmatech (Cincinnati, OH, USA) and used without further purification. Lauric acid (CAS No. 143-07-7) and palmitic acid (CAS No. 57-10-3, 99%) were purchased from Sigma Chemicals (St. Louis, MO, USA). Fmoc-rink amide resin (0.57 mmol/g, 100–200 mesh); Wang resin (0.9 mmol/g, 100–200 mesh); the Kaiser test kit (Catalog no. KGZ001); O-benzotriazole-N, N, N′; and N′-tetramethyluronium-hexafluoro-phosphate (CAS No. 94790-37-1) were purchased from Aapptec, LLC (Louisville, KY, USA). Hydroxybenzotriazole (HOBt, CAS No. 2592-95-2, 98.75%) was purchased from Apexbio (Houston, TX, USA). Trifluoroacetic acid (TFA; CAS No. 76-05-1, 99%) was purchased from Honeywell Research Chemicals (Muskegon, MI, USA). Piperidine (CAS No. 110-89-4, 99%) was purchased from Sigma-Aldrich LLC (St. Louis, MI, USA). N, N-diisopropylethylamine (DIPEA; CAS No. 7087-68-5, 99%) was purchased from TCI America (Portland, OR, USA). N, N-dimethylformamide (DMF; CAS No. 68-12-2), diethyl ether (DE; CAS No. 60-29-7), and dichloromethane (DCM; CAS No. 75-09-2) were obtained from Thermo-Scientific (Ward Hill, MA, USA).




2.2. Organic Synthesis and Structure Verification of Fatty Acid-Conjugated Tripeptides


The fatty acid-conjugated peptides were synthesized manually using Fmoc/tBu-based SPPS strategies using PolyPrep columns obtained from Bio-Rad Laboratories (Hercules, CA, USA). The synthesis was conducted on a 0.1 mmol scale on the Fmoc-Rink amide resin (for the C-terminus amide) and Wang resin (for the C-terminus acid).



2.2.1. General Procedure for Synthesis of C-Terminus Amide Conjugates


The Fmoc-Rink amide resin (175 mg) was swollen in DCM (2.0 mL) in a Bio-Rad column for 30 min. The solvent was then pushed out with positive pressure and replaced with 20% piperidine in DMF (2.0 mL), and the mixture was shaken for 20 min. The solvent was removed, and the resin was washed with DMF (3 × 2 mL) and DCM (3 × 2 mL) (confirmed by a positive Kaiser test). The Fmoc-Asp(tBu)-OH (164 mg) was placed in a scintillation vial and dissolved in DMF (2.0 mL) together with HBTU (152 mg), HOBt (54 mg), and DIPEA (0.2 mL). The mixture was sonicated for 1 min and then added to a resin column, which was shaken on a vortex mixer for 6 h. The solvent was removed from the column, and the column was washed with DMF (3 × 2 mL) and DCM (3 × 2 mL) (confirmed by a negative Kaiser test). The resin was endcapped by adding 5 mL of acetic anhydride/pyridine solution (3:2, v/v) and rocking the resin for 1 h, followed by washing with DMF (3 × 2 mL) and DCM (3 × 2 mL) (confirmed by a negative Kaiser test).



The Fmoc group was removed by adding 20% piperidine in DMF (2.0 mL) and shaking for 20 min. The solvent was removed, and the column was washed with DMF (3 × 2 mL) and DCM (3 × 2 mL) (confirmed by a positive Kaiser test). In a 10 mL scintillation vial, the second amino acid (4 equiv), HBTU (152 mg), HOBt (54 mg), and DIPEA (0.2 mL) were dissolved in DMF (2.0 mL). This mixture was shaken well for 10 min and added to the column, and the column was vortexed for 6 h. The solvent was removed from the column, and the column was washed with DMF (3 × 2 mL) and DCM (3 × 2 mL) (confirmed by a negative Kaiser test). This procedure was repeated for coupling the third amino acid and fatty acid, each of which was also added at 4 equiv.



The cleavage of the fatty acid–peptide conjugate from resin was conducted by adding a mixture of TFA:H2O:TIPS (5.0 mL; 95:2.5:2.5 v/v) to the resin, and the mixture was stirred at room temperature for 2 h. The solution containing TFA was filtered from the column, and the filtrate was evaporated on a rotary evaporator to remove excess TFA. Di-isopropyl ether was added to the resulting crude product to yield a white solid precipitate. The ether was removed by decantation, and the precipitated compound was washed three times with diethyl ether. The resulting compound was dried in a rotary evaporator, purified by lyophilization for 24 h in a freeze-dryer (Thermo Savant, Holbrook, NY, USA), and validated using LC-MS/MS.




2.2.2. General Procedure for Synthesizing C-Terminus Acid Conjugates


The synthesis of C-terminus carboxylic acid derivatives was similar to the procedure described for synthesizing the C-terminus amide, except for the resin choice and the first coupling step, as described below. The Wang resin was placed in a Bio-Rad column and swelled in DCM (2.0 mL) for 30 min, and the solvent was pushed out with positive pressure. The first amino acid (Fmoc-Asp(tBu)-OH) was placed in a scintillation vial; dissolved in DMF (2.0 mL); and DIC (100 mg), HOBt (54 mg), and DMAP (5 mg) were added to the vial. This mixture was sonicated for dissolution, added to the resin, and shaken on a vortex mixer for 6 h. The solvent was removed from the column, and the column was washed with DMF (3 × 2 mL) and DCM (3 × 2 mL) (confirmed by a negative Kaiser test). We then followed the same protocol described in Section 2.2.1.




2.2.3. Procedures to Remove Trifluoracetic Acid Counterions from Fatty Acid–Peptide Conjugates by Counteranion Exchange


The trifluoroacetic acid counteranion was replaced with HCl by dissolving the white precipitate obtained after ether trituration in 5.0 mL of 0.1 M HCl solution, stirring for 15 min, and then adding 5 mL of acetonitrile. The soluble mixture was then dried in a dry ice bath and lyophilized overnight to yield a dry solid powder.




2.2.4. Determination of the Molecular Structures and Quantities of Compounds


The reagents and the fatty acid–amino acid/peptide conjugates were analyzed using an LC-MS/MS system consisting of an Agilent 1100 LC system (HPLC-DAD-autosampler, Agilent Technologies, Santa Clara, CA, USA) and a QTRAP 6500+ quadruple-linear trap mass spectrophotometer with electrospray ionization (AB Sciex LLC, Framingham, MA, USA). The nuclear magnetic resonance (NMR) analysis was conducted using a Bruker 400 MHz NMR instrument, DMSO-d6 (CAS No. 2206-27-1, 99.9 atom% D, Thermo-scientific, Fair Lawn, NJ, USA) as a solvent, and Topspin 4.3.0 version software. The 1H NMR (400 MHz), 13C NMR (100 MHz), and 13C DEPT data were acquired using a purified compound (30 mg) dissolved in 0.7 mL of DMSO-d6 in a 5 mm diameter NMR tube. DEPT 135 was used to determine the multiplicity of carbon atoms, and CH2 groups showed inverted signals, whereas CH and CH3 groups were upright. The quaternary carbon (C) did not show any signal.





2.3. Hydrogel Formation


2.3.1. Hydrogel Preparation


Lyophilized fatty acid–peptide conjugates were dissolved in phosphate-buffered saline (PBS) at a final concentration of 0.5% (5.0 mg in 1 mL of PBS), 1.5% (15.0 mg in 1 mL of PBS), and 3% (30.0 mg in 1 mL of PBS). The pH of the peptide solutions was increased to 9.0 by adding 0.1 M NaOH to dissolve the compounds and readjusted to pH 2–8 by the drop-wise addition of 0.1 N HCl, followed by sonication. Most compounds formed hydrogels immediately after sonication; some were maintained overnight at room temperature for gel formation. The gel formation was confirmed by the vial inversion method, and photographs were taken.




2.3.2. Hydrogel Sterilization


PBS, 0.1 N HCl, 0.1 M NaOH, pipette tips, and Eppendorf tubes were autoclaved (Steris, AMSCO 250LS, Conroe, TX, USA) at 130 °C for 45 min. The other procedures for hydrogel formation were performed under pathogen-free conditions inside a BSL-2 hood.





2.4. Rheological Studies


Tests were performed on 50 µL hydrogel samples using an Anton Paar MCR 092 rheometer (Anton Paar USA, Houston, TX, USA) with a 20 mm cone plate at a measuring gap of 39 µm. The effects of concentration on gel strength and viscoelastic behavior were assessed by conducting amplitude/strain sweep experiments for all gels using oscillatory shearing strain. The storage (G′) and loss (G″) moduli were measured as a function of strain (ranging from 0.01 to 100%) at a constant frequency of 10 rad/s. The mechanical stability of the peptide hydrogels was tested by running frequency sweep experiments at angular frequencies ranging from 1 to 100 rad/s at a constant 1% strain, which was under the limit of the linear viscoelastic region obtained from the amplitude sweep test. The hydrogel structure survived the tests under this strain. A time sweep curing experiment was conducted with a constant strain 10% and frequency 1 Hz. We studied the thixotropic properties to understand the time-dependent shear thinning of gels under 4 min of constant high shear strain (200%) that liquefied the gel. We then followed the re-gelation after the shear strain returned to the low shear strain of 0.1% used for the initial 2 min test. The G′ and G″ values represent the elastic gel-like and viscous liquid behaviors of our samples, respectively [41].




2.5. Hydrogel Swelling Ratio (%)


The swelling ratio assay was used to determine the water intake capacity of the hydrogels. First, different gel concentrations (1.5% and 3.0% w/v) were formed in PBS in preweighed vials (250 μL of gel in each vial). Next, 2 mL of PBS was added to the vials, and the gels were left to swell at different times. The excess PBS was then removed from the vial, and the vials were weighed. The swelling ratio (%) of the hydrogel was calculated using the following equation:


Swelling ratio (%) = [(Wt − Wi)/Wi] × 100








where Wt is the weight of the swollen hydrogel at a specific time point t, and Wi is the initial weight of the hydrogel.




2.6. Field Emission Scanning Electron Microscopy


The 3% w/v hydrogel was freeze-dried at −80 °C and then lyophilized under vacuum to obtain a fine powder. Field emission scanning electron microscopy (FESEM) analysis of the lyophilized hydrogel was conducted on an S4800 field emission scanning electron microscope (Hitachi, Santa Clara, CA, USA) under a high vacuum to assess the surface structure of the freeze-dried peptide-based hydrogel according to published and widely used procedures [42,43]. The following parameters were used: stage distance, 12 mm; acceleration voltage, −3.0 kV; and working distance, 2.2 mm. The sample was initially sputter coated with a thin carbon layer for increased conductivity. A high magnification allowed for the observation of the fibrous network on the top layer of the hydrogel samples.




2.7. Hydrogel Treatment of Third-Degree Burn Wounds Generated on Mice and Histological Study of Treated Wounds


The animal use protocol was authorized and approved by the Institutional Animal Care and Use Committee of Louisiana State University Health Sciences Center, New Orleans, and followed the ARRIVE guidelines [44]. Briefly, full-thickness burn wounds (6 mm diameter) were generated in the dorsal skin on both sides along the midline of C57BL/6J mice (female, 18 months old, Jackson Laboratory, Bar Harbor, ME, USA) at 0 days post burn (dpb), similar to the procedures performed by us and others previously [1,45,46,47,48,49]. Each treatment group included four mice. We excised a 6 mm diameter circle of coagulated or necrotic full-thickness skin at the center of each burn wound at 48 h (2 dpb) and filled each excision-generated space with hydrogel (30 µL) by injection. The wounds were covered with Tegaderm waterproof dressings to protect the tissue and hydrogel in the wounds and to prevent water loss. Each wound was covered with two pieces of a 50.8 mm long and 30 mm wide Tegaderm waterproof film dressing (cut from a roll of the product 50.8 mm wide × 10,058 mm long, catalog number 16002, 3M, Saint Paul, MN, USA) to protect the tissue and hydrogel in the wounds and to prevent water loss, one was on the dorsal side, and the other was on the abdominal side. The two film pieces were placed end to end and overlapped each other, forming a cylinder-shaped adhesive belt wrapping around the skin of mouse body trunk. This film belt adhered to the skin, including the wound margins, from the dorsal to abdominal side, all around the mouse body trunk. This method of film application allows the film to reduce skin contraction, facilitating wound closure through re-epithelialization, as described in prior studies [50,51,52], thus better resembling wound healing in humans. We used swabs to clean the area of skin surface to allow the film to stick to the skin surface tightly. The adhesion of a film end to the end of another film is much stronger than adhesion of film to the skin. In turn, our method of wrapping wounds with Tegaderm film allowed the film to adhere to skin around wounds for the intended duration even when the mice were active, which is likely to be more effective and durable than those in references [50,51,52] for wound contract control using Tegaderm film. The film was changed at 2 dpb for the excision/debridement of the necrotic tissue of the burn wound. To clearly photograph the wound area, we also changed the film and hydrogel at Day 7 post burn. As the renewal only took a few minutes, it should not affect the control of wound contraction. The excision mimics the practice of debriding severely burned skin. The same type of wounds without hydrogel treatment were used as the control. The mice were anesthetized with ketamine and xylazine (100 and 10 mg/kg, respectively, i.p.) prior to any wounding. Sustained-release buprenorphine was also injected (s.c., 1 mg/kg) for analgesia. We monitored mouse health and behavior, including drinking, foraging, grooming, and eating, and we examined all wounds twice per day to ensure that the hydrogel and dressing stayed in place. Wound healing was assessed as described previously [53,54,55,56,57,58]. The wounds were photographed, and their areas were calculated using NIH ImageJ software version 1.54d. The wound closure was reported as the percentage of the closed wound area compared with the initial burn wound area. The mice were euthanized, and burn wounds with 3 mm skin rims were excised and histologically studied after hematoxylin–eosin staining, as we did previously [59,60]. The livers, kidneys, and spleens were also collected, weighed, and measured for size to obtain a gross assessment of toxicity. The sections stained with hematoxylin–eosin were photographed using an OLYMPUS scanning microscope (OLYMPUS, Tokyo, Japan). The epithelial gap—i.e., the distance between the neoepithelium emerging from the edges of the wound area—was measured using OLYMPUS OlyVIA software version 3.4.1 (Build 26606), as described previously but with some modifications [53,60,61].




2.8. Statistical Analysis


Statistical analysis was conducted using t tests or ANOVA via GraphPad Prism 9.0 software, and p < 0.05 was considered statistically significant. Data are presented as mean ± standard error of mean (SEM) or standard derivation (SD).





3. Results and Discussion


3.1. Design, Synthesis, and Hydrogelability Tests of Novel Covalent Fatty Acid–Tripeptide Conjugates


Our aim was to develop amphiphilic conjugates as innovative hydrogelators, with each hydrogel containing a fatty acid covalently bonded to a peptide and capable of self-assembling into a hydrogel with the hydrophobic tail from the linear carbon chain of fatty acid and the hydrophilic head from the peptide domain. To this effect, we designed and synthesized a large panel of compounds through SPPS, including peptides inspired by the pentapeptide KYFIL [36]. The amphiphilic conjugates of these peptides and fatty acids were also synthesized. Unfortunately, these compounds were unable to form hydrogels. Based on our findings from these unreported trials and the inspiration from the LIVAGD hydrogelator template [38], we focused on synthesizing a fatty acid-conjugated tripeptide possessing a molecular template of a fatty acid (with n carbons) coupled to an amino acid1–amino acid2–aspartic acid tripeptide (Cn acid–AA1–AA2–D). This coupling generates novel amphiphilic molecules that can self-assemble into hydrogels within the living pathophysiological niche. AA1 and AA2 are hydrophobic amino acids such as alanine (A), valine (V), isoleucine (I), or leucine (L) that play a role in self-assembly. Aspartic acid (D), an amino acid with a hydrophilic carboxylic acid side chain, forms the hydrophilic head at the tripeptide terminus and offers polarity and aqueous solubility. The C-terminus polar hydrophilic end (carboxyl or amidated carboxyl) then improves solubility in aqueous media, while the side chain carboxylic acid group further increases the hydrophilic character of the hydrogel in solution. The fatty acid, either octanoic (C8) acid, dodecanoic/lauric (C12) acid, tetradecanoic/myristic (C14) acid, or hexadecanoic/palmitic (C16) acid, was predicted to participate in self-assembly due to its hydrophobicity and the shape of the long carbon chain. Shorter fatty acids (such as C6 acid) are likely not to be hydrophobic enough for hydrogelation.



3.1.1. Design, Synthesis, and Hydrogelability Tests of Cn Fatty Acid-ILD-NH2-Type Conjugates


We tested this design by initially synthesizing compound (1) (H-ILD-NH2) with the C-terminal carboxyl bonded to an amide (–NH2) but with the N-terminal intact (H) using Rink-amide-resin-based SPPS (Figure 1a, Table 1) to find if the tripeptide itself undergoes gelation. We observed that it did not gelate in PBS.



We then synthesized compound 2 [C8-ILD-NH2(2)] with a C8 fatty acid linked to the N-terminus of (1) (tripeptide ILD–NH2) via an amide bond (Figure 1a). The molecular structure and purity of the synthesized C8-ILD-NH2(2) were determined using NMR and LC-MS/MS. The NMR spectra illustrated in Figure 2 indicate chemical shifts δ and coupling constants J that clearly verify the structure of (2) as the following: 13C NMR (100 MHz, DMSO-d6) (Figure 2a): δ 172.49, 172.29, 171.95, 171.70, 171.47, 56.94, 51.21, 49.42, 40.28 (DMSO-d6), 35.98, 35.95, 35.08, 31.22, 28.52, 28.45, 25.36, 24.48, 24.04, 23.05, 22.06, 21.44, 15.39, 13.95, 10.81; 1H NMR (400 MHz, DMSO-d6) (Figure 2b): δ 12.27 (brs, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.97 (dd, J = 12.2, 8.4 Hz, 2H), 7.10 (d, J = 8.4 Hz, 2H), 4.42 (dd, J = 8.4, 6.8 Hz, 1H), 4.25 (dd, J = 8.4, 6.0 Hz, 1H), 4.12 (t, J = 6.0 Hz, 1H), 2.64 (dd, J = 8.4, 6.0 Hz, 1H), 2.54 (d, J = 7.2 Hz, 1H), 2.51 (dd, J = 8.4, 3.7 Hz, 1H), 2.17–2.10 (m, 2H), 1.73–1.69 (m, 1H), 1.61–1.56 (m, 1H), 1.51–1.40 (m, 5H), 1.29–1.24 (m, 8H), 1.12–1.06 (m, 1H), 0.87 (s, 6H), 0.82 (s, 9H); and 13C DEPT-135 NMR (100 MHz, DMSO-d6) (Figure 2c): 56.94 (CαH), 51.21 (CαH), 49.42 (CαH), 40.28 (CH2), 35.98 (CH), 35.95 (CH2), 35.08 (CH2), 31.22 (CH2), 28.52 (CH2), 28.45 (CH2), 25.36 (CH2), 24.48 (CH2), 24.04 (CH), 23.05 (CH3), 22.06 (CH2), 21.44 (CH3), 15.39 (CH3), 13.95 (CH3), 10.81 (CH3).



The LC-MS/MS spectrum confirmed a molecular mass M of 484 Daltons, while the fragment ions m/z (single charge, z = 1): 114, 131, 142, 165, 207, 224, 242, 350, 368, 421, 439, 465, and 483 [M − H+] offered fingerprints for the structure of C8-ILD-NH2(2) (Figure 3). The fragment ions corresponding to the details of the molecular structure are interpreted in Figure 3a. The LC-MS analysis also indicated that (2) was highly pure (>96%). When we dissolved C8-ILD-NH2(2) into PBS by raising the pH to pH 9 and then reducing it to pH 7.4, it formed hydrogels (Table 1), while it also formed hydrogels if PBS was replaced with deionized water. These results supported the suitability of our synthetic route and the procedures illustrated in Figure 1a for synthesizing Cn acid–AA1–AA2–D–NH2-type compounds while demonstrating their potential hydrogelability.



Compounds 3 [C12-ILD-NH2)] and 4 [C16-ILD-NH2], with C12 and C16 fatty acids, respectively, linked to the N-terminus of (1) (tripeptide ILD–NH2) by an amide bond, were then synthesized, as illustrated in Figure 1a. We determined the hydrogelability of both compounds following the same protocol used for (2) after the verification of their structures and purity (>95%) through LC-MS/MS. Both (3) and (4) formed hydrogels similar to (2) in PBS buffer at ≥ 0.25% (w/v) concentration and remained as a solution below 0.25% (w/v) (Figure 4c). The key difference in the gelation observed between (2), (3), and (4) was that (2) instantly formed a hydrogel upon sonication, whereas (3) and (4) took more time under the same conditions. Moreover, when shaken by hand, hydrogel (2) was more stable than either (3) or (4), suggesting a more compact packing of shorter C8 carboxylic acids. The selected compound C8-ILD-NH2(2) gelates in 2 min after the pH was adjusted to 7.4 (Video S1), whereas most of the other compounds in Table 1 form gels immediately within 2–15 min after the pH was adjusted to 7.4. The gelation time increased as the carbon of Cn fatty acids increased from 8 to 16 carbons.




3.1.2. Design, Synthesis, and Hydrogelability Tests of Cn Fatty Acid–ILD–OH–Type Conjugates


The C-terminal carboxyl of compounds (2), (3), and (4) is amidated with a primary –NH2 group. We questioned whether the hydrogelability would change if this carboxyl was not amidated, and we addressed this possibility by synthesizing compounds 5 [C8–ILD–OH(5)], 6 [C12–ILD–OH (6)], 7 [C14–ILD–OH (7)], and 8 [C16–ILD–OH (8)] at high purity (>95%) via Wang-resin-based SPPS (Figure 1b) with C8, C12, C14, and C16 fatty acids, respectively, bonded to the N-terminus of ILD-OH. The representative NMR and LC-MS/MS data, which confirmed the molecular structures of these compounds, are as follows:



C12–ILD–OH (6). 1H NMR (in DMSO-d6) (Figure S1): δ 12.5 (brs, 2H), 8.06 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 8.4 Hz, 1H), 4.50 (dd, J = 7.5, 6.6 Hz, 1H), 4.36 (dd, J = 8.4, 7.0 Hz, 1H), 4.16 (t, J = 7.5 Hz, 1H), 2.68–2.55 (m, 2H), 2.53–2.51 (m, 1H), 2.16–2.07 (m, 2H), 1.72–1.69 (m, 1H), 1.62–1.56 (m, 1H), 1.48–1.42 (m, 4H), 1.29–1.24 (brs, 16H), 1.11–1.04 (m, 1H), 0.87 (t, J = 7.5 Hz, 6H), and 0.82 (t, J = 7.5 Hz, 9H); 13C NMR (100 MHz) and 13C DEPT NMR, DMSO-d6 (Figures S2 and S3): δ 172.2, 172.1, 171.6, 171.6, 171.6, 171.0, 56.6, 50.6, 48.4, 40.8, 36.1, 35.8, 35.1, 31.3, 29.0, 28.9, 28.8, 28.7, 28.5, 25.4, 24.3, 24.0, 23.0, 22.1, 21.4, 15.3, 13.9, and 10.7. MS/MS fragmentation ions verified the molecular mass and structure (Table 1).



C14–ILD–OH (7). 1H NMR ((in DMSO-d6) (Figure S4): δ 12.51 (brs, 2H), 8.07 (d, J = 9.0 Hz, 1H), 7.91 (d, J = 9.0 Hz, 1H), 7.83 (d, J = 9.0 Hz, 1H), 4.52 (q, J = 7.6 Hz, 1H), 4.34 (dd, J = 7.6 Hz, 1H), 4.16 (t, J = 7.6 Hz, 1H), 2.68–2.52 (m, 2H), 2.53–2.51 (m, 1H), 2.16–2.09 (m, 2H), 1.75–1.69 (m, 1H), 1.62–1.55 (m, 1H), 1.47–1.43 (m, 4H), 1.25 (brs, 20 H), 1.11–1.04 (m, 1H), 0.87 (t, J = 7.5 Hz, 6H), and 0.82 (t, J = 7.5 Hz, 9H); 13C NMR (100 MHz) and 13C DEPT NMR, DMSO-d6 (Figures S5 and S6): δ 172.2, 172.1, 171.6, 171.6, 171.6, 171.0, 56.6, 50.6, 48.4, 40.8, 36.1, 35.8, 35.1, 31.3, 29.0, 29.0, 28.9, 28.8, 28.7, 28.5, 25.4, 24.3, 24.0, 23.0, 22.1, 21.4, 15.3, 13.9, and 10.7. MS/MS fragmentation ions confirmed a molecular mass and structure (Table 1).



C16–ILD–OH (8). 1H NMR (in DMSO-d6) (Figure S7): δ 12.50 (brs, 2H), 8.06 (d, J = 8.0 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.83 (d, J = 8.6 Hz, 1H), 4.52 (q, J = 7.6 Hz, 1H), 4.34 (dd, J = 7.6 Hz, 1H), 4.16 (t, J = 7.6 Hz, 1H), 2.68–2.55 (m, 2H), 2.53–2.51 (m, 1H), 2.17–2.07 (m, 2H), 1.74–1.68 (m, 1H), 1.61–1.56 (m, 1H), 1.48–1.43 (m, 4H), 1.24 (brs, 28 H), 1.11–1.04 (m, 1H), 0.87 (t, J = 7.5 Hz, 6H), and 0.82 (t, J = 7.5 Hz, 9H); 13C NMR (100 MHz) and 13C DEPT NMR, DMSO-d6 (Figures S8 and S9): δ 172.2, 172.1, 171.6, 171.6, 171.0, 56.6, 50.6, 48.4, 40.9, 36.1, 35.9, 35.1, 31.3, 29.0, 29.0, 28.9, 28.8, 28.7, 28.5, 25.4, 24.3, 24.0, 23.0, 22.1, 21.4, 15.4, 13.9, and 10.7. MS/MS fragmentation ions verified the molecular mass and structure (Table 1).



C8–ILD–OH (5), the C-terminal carboxylic acid counterpart of C8-ILD-NH2(2), was unable to form a hydrogel at all, unlike (2) (Table 1). Hydrogels were formed from the other tested Cn acid–ILD–OHs (C12–ILD–OH (6), C14–ILD–OH (7), and C16–ILD–OH (8) with C12, C14, and C16 fatty acids, respectively, bonded to the N-terminus of ILD-OH). However, these hydrogels were weaker than those formed by Cn acid-ILD-NH2 with the same Cn acid when shaken by hand. Thus, the primary amide offers better gelation than its carboxylic acid counterpart when attached to the C-terminus of the Cn acid-ILD molecular framework. Of note, MS/MS fragmentation ions verified the molecular masses and were structured as (5), (6), (7), and (8) (Table 1).




3.1.3. Design, Synthesis, and Hydrogelability of More Novel C8 Fatty Acid–AA1–AA2–D–NH2-Type Conjugates


We also synthesized different analogs of C8-ILD-NH2(2), in which the first 2 amino acids I (AA1) and L (AA2) were swapped with each other or replaced by other hydrophobic amino acids (e.g., alanine (A) and valine (V)). The same Rink-amide-resin-based SPPS outlined in Figure 1a for the organic synthesis of (2), was used for the generation of these novel analogs. The representative NMR and LC-MS/MS data that verified the molecular structures and purities (>95%) of these analogs are as follows:



C8–IAD–NH2(9). 1H NMR (400 MHz, DMSO-d6) (Figure S10): δ 12.18 (brs, 1H), 8.85 (d, J = 9.8 Hz, 1H), 8.38 (t, J = 7.7 Hz, 1H), 8.08 (d, J = 6.8 Hz, 1H), 7.88 (t, J = 7.6 Hz, 2H), 7.12 (d, J = 5.3 Hz, 2H), 4.42 (q, J = 7.2 Hz, 1H), 4.24–4.16 (m, 1H), 4.13 (t, J = 7.95 Hz, 1H), 2.63 (dd, J = 7.2, 6.0 Hz, 1H), 2.55 (d, J = 7.2 Hz, 1H), 2.20–2.08 (m, 2H), 1.74–1.69 (m, 1H), 1.53–1.40 (m, 3H), 1.28–1.24 (m, 9H), 1.21 (d, J = 7.1 Hz, 4H), 1.14–1.05 (m, 1H), 0.86 (t, J = 6.9 Hz, 3H), and 0.82 (t, J = 6.9 Hz, 6H); 13C NMR (100 MHz) and 13C DEPT NMR, DMSO-d6 (Figures S11 and S12): δ 172.5, 172.3, 171.9, 171.3, 144.5, 143.1, 126.2, 56.8, 49.3, 48.5, 36.2, 35.9, 35.0, 31.2, 28.5, 28.4, 25.3, 24.4, 22.0, 17.6, 15.4, 13.9, and 10.9; MS/MS fragmentation ions verified the molecular mass and structure of (9) (Table 1).



C8-IVD-NH2(10). 1H NMR (400 MHz, DMSO-d6) (Figure S13): δ 12.29 (brs, 1H), 8.05 (d, J = 7.7 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.76 (d, J = 7.7 Hz, 1H), 7.10 (brs, 2H), 4.45 (d, J = 7.5 Hz, 1H), 4.18 (t, J = 8.1 Hz, 1H), 4.10 (t, J = 7.4 Hz, 1H), 2.64 (dd, J = 7.4, 5.7 Hz, 1H), 2.56–2.49 (m, 1H), 2.17–2.10 (m, 2H), 1.96–1.94 (m, 1H), 1.75–1.69 (m, 1H), 1.51–1.40 (m, 3H), 1.23 (brs, 8H), 1.12–1.06 (m, 1H), 0.87 (s, 6H), and 0.80 (s, 9H); 13C NMR (100 MHz) and 13C DEPT NMR, DMSO-d6 (Figures S14 and S15): δ 172.3, 172.1, 171.8, 171.5, 170.6, 57.8, 56.8, 49.3, 35.9, 35.8, 35.0, 31.2, 30.3, 28.5, 28.4, 25.4, 24.4, 22.0, 19.1, 18.0, 15.4, 13.9, and 10.7; MS/MS fragmentation ions verified the molecular mass and structure of (10) (Table 1).



C8-ALD-NH2(11). 1H NMR (400 MHz, DMSO-d6) (Figure S16): δ 12.27 (brs, 1H), 7.97 (dd, J = 12.2, 8.4 Hz, 2H), 7.99 (d, J = 8.4 Hz, 1H), 7.10 (d, J = 8.4 Hz, 2H), 4.42 (dd, J = 8.4, 6.8 Hz, 1H), 4.25 (dd, J = 8.4, 6.0 Hz, 1H), 4.12 (t, J = 6.0 Hz, 1H), 2.64 (dd, J = 8.4, 6.0 Hz, 1H), 2.54 (d, J = 7.2 Hz, 1H), 2.51 (dd, J = 8.4, 3.7 Hz, 1H), 2.17–2.10 (m, 2H), 1.73–1.69 (m, 1H), 1.61–1.56 (m, 1H), 1.51–1.40 (m, 5H), 1.29–1.24 (m, 8H), 1.12–1.06 (m, 1H), 0.87 (s, 6H), and 0.82 (s, 9H); 13C NMR (100 MHz) and 13C DEPT NMR, DMSO-d6 (Figures S17 and S18): δ 172.8, 172.4, 172.3, 171.9, 171.7, 51.4, 49.3, 48.2, 40.3, 35.8, 35.0, 31.1, 28.5, 28.4, 25.1, 24.0, 23.0, 22.0, 21.5, 17.6, and 13.9. MS/MS fragmentation ions verified the molecular mass and structure of (11) (Table 1).



C8-LLD-NH2(12). 1H NMR (400 MHz, DMSO-d6) (Figure S19): δ 8.09–8.02 (m, 2H), 7.54 (brs, 1H), 7.00 (brs, 2H), 4.36–4.28 (m, 2H), 4.18 (q, J = 7.1 Hz, 1H), 4.04 (q, J = 7.1 Hz, 1H), 2.41–2.39 (m, 1H), 2.13–2.09 (m, 1H), 1.64–1.56 (m, 2H), 1.49–1.45 (m, 4H), 1.24 (brs, 8H), 1.12–1.06 (m, 1H), and 0.89–0.86 (m, 12H); 13C NMR (100 MHz) and 13C DEPT NMR, DMSO-d6 (Figures S20 and S21): δ 172.8, 172.4, 172.3, 171.9, 171.7, 51.4, 49.3, 48.2, 40.3, 35.8, 35.0, 31.1, 28.5, 28.4, 25.1, 24.0, 23.0, 22.0, 21.5, 17.6. The MS/MS fragmentation ions verified the molecular mass and structure of (12) (Table 1).



C8-VLD-NH2(13), C8-IID-NH2(14), and C8-LID-NH2(15) structures were verified using the same NMR and LC-MS/MS methods as for the other Cn acid–AA1–AA2–D compounds above (Figures S22–S27, Table 1).



The Cn acid–AA1–AA2–D-NH2 compounds (9–15) can all self-reassemble into hydrogels in PBS at a 1.5% w/v concentration when subjected to gelation conditions. All compounds formed hydrogels (Table 1).





3.2. Determination of Wound Compatibility, Injectability, and Rheological Properties of a Novel Hydrogel Formed from a Selected Cn Fatty Acid–AA1–AA2–D Conjugate


We explored the suitability of our novel hydrogels for accelerating the healing of third-degree burn wounds by exploring the biocompatibility, toxicity, and biodegradability of C8-ILD-NH2(2) as a representative compound chosen from the 13 hydrogelating Cn acid–AA1–AA2–D type-conjugates compiled in Table 1. We chose (2) because it showed more rapid gelation and formed a more stable hydrogel in saline compared with the other conjugates, based on our visual observations (Table 1, Figure 4). Swelling in aqueous environments is an important characteristic of hydrogels and is mostly determined using the pore size, the intermolecular forces inside the hydrogel network structure, and the hydrophilic nature of the hydrogel [62]. Hydrogels with large pore sizes and sufficient hydrophilicity can take up large amounts of water (liquid/fluid) and swell to weights multiple times greater than their own weight, and hydrogels with these qualities have been successfully applied for full-thickness skin wound healing and tissue regeneration [62,63] The strong swelling capacity is useful for absorbing leaked blood, exudate, and body fluids, and for transferring nutrients and metabolites. The swelling ratios of hydrogel (2) at concentrations of 1.5% (red) and 3% (blue) (w/v) were 197.3 and 232.6%, respectively, after 12 h of PBS absorption at a physiological pH of 7.4 (Figure 4b). These percentages continuously increased to 276.0% and 364.0%, respectively, at 36 h. However, the swelling behavior subsequently reached a plateau of 276.0–283.3% and 364.0–366.0%, respectively, from 36 h to 48 h. Hydrogel (2) would clearly be able to take up unwanted discharge/exudate from wounds to promote wound healing.



We determined the gelability of C8-ILD-NH2(2) at concentrations from 0.05% to 1% (w/v) using a vial inversion test (Figure 4c). C8-ILD-NH2(2) gelated in PBS at concentrations ≥0.25% (w/v) but remained a solution at lower concentrations. We also tested the C8-ILD-NH2(2) gel from pH 2 to pH 10 to reflect the pH changes in human wounds under various treatments [64,65]. C8-ILD-NH2(2) formed a hydrogel and stayed gelated from pH 2 to pH 8 (Figure 4d), confirming its ability to form a stable hydrogel in PBS at a concentration as low as 0.25% and within a pathophysiologically relevant pH range.



The injectability of a hydrogel determines its capability to precisely fill 3D surfaces and cavities as a liquid and then solidify onsite as an elastic matrix. The matrix can be engineered to comply with mechanical and metabolic needs, including the delivery of drugs or stem cells for the recovery of locally damaged cells and tissues. For these purposes, a hydrogel will be more versatile and have minimal potential to induce itching or pain in wound treatment if it is injectable and compliant with the internal strain from cell/tissue regeneration or remodeling, as well as any external strains that the wound can experience, such as compression or shearing between the wound surface and wound dressing. Gelation time is a very important parameter for injectability, which was used to further evaluate our hydrogels (Table 1). C8-ILD-NH2(2) gelated in 2 min after the pH was adjusted to 7.4 as shown in Video S1 in the Supplemental Materials, while other compounds in Table 1 gelated within 2–15 min after the pH was adjusted to 7.4. Gelation times for Cn-ILD-NH2-type compounds increased from 2 to 10 min when the n of Cn fatty acid increased from 8 to 16 carbons. Gelation times for Cn-ILD-OH-type compounds increased from 7 to 15 min when the n of Cn fatty acid increased from 12 to 16 carbons, but when the n reduced from 12 to 8 (i.e., from Cn-ILD-OH (6) to C8-ILD-OH (5)), the gelability lost (Table 1). These results indicate that n needs to be more than 8 for Cn-ILD-OH-type compounds to gelate. With the increase in the carbon chain length Cn, there was an increase in the hydrophobicity in the molecule. The increased hydrophobicity resulted in poor water retention and took more time for gelation. Gelation times were longer for C12-ILD-OH(6) (7 min) and C16-ILD-OH (8) (15 min), respectively, than for C12-ILD-NH2(3) (6 min) and C16-ILD-NH2(4) (10 min) when Cn acid is the same (Table 1). For C8-AA1–AA2–D-NH2-type compounds, the gelation times were in an increased order from left to right as follows: C8-ILD-NH2(2) (2 min) = C8-IAD-NH2(9) (2 min) < C8-IVD-NH2(10) (3 min) = C8-ALD-NH2(11) (3 min) < C8-LLD-NH2(12) (5 min) = C8-IID-NH2(14) (5 min) = C8-LID-NH2(15) (5 min) < C8-VLD-NH2(13) (6 min) (Table 1).



We determined the injectability of the C8-ILD-NH2(2) hydrogel by tapping the vial rapidly and repeatedly on a table surface until the hydrogel liquefied. We then drew the liquid into a 1 mL syringe through a 25-gauge needle and quickly injected the liquid into the target site. We observed spontaneous re-gelation, as shown in the photos (Figure 5a,b) of this process.



The amplitude sweep test of the C8-ILD-NH2(2) hydrogel showed that it had a larger storage modulus G′ than loss modulus G″ in the limit of the linear viscoelastic region (on the left of the chart in Figure 5c), indicating the presence of an elastic gel structure. When the shear strain increase just surpassed 10.56%, the G′ and G″ curves crossed over each other (crossover point G′ = G″), so that G′ < G″, indicating a transition from the gel state to a viscous liquid state. Thus, the shear strain that promotes gel flow (i.e., the flow point) is 10.56%. The frequency sweep test (0.1–100 rad/s) of the C8-ILD-NH2(2) hydrogel at the 1% strain showed G′ (~10,000 Pa) > G″ (2–3 kPa), indicating a gel status under this condition (Figure 4d). It also showed that G″ and G′ readouts were independent of the frequency, reflecting the high stability of hydrogel (2). Hydrogels formed from 1%, 1.5%, and 3% C8-ILD-NH2(2) in PBS in our pilot study (Table 1, Figure 4) showed elastic moduli comparable to those of the dermis or skin (0.5–18 kPa) [39,40], supporting the suitability of our hydrogels for wound treatment. The isothermal time-sweep curing test for gel formation (Figure 5e) from the G′ < G″ sol state to G′ > G″ gel state showcased the gel formation of (2) and a crossover point at 3.87 min (G′ = G″) under a constant 10% shear strain (amplitude) and constant 1 Hz frequency.



We further explored the mechanism underpinning the injectability of C8-ILD-NH2(2) hydrogel by studying its thixotropic properties (Figure 5f). The shear strain imposed on the gel started at 0.5 min and 0.1%, which the gel could tolerate, but was changed at 2 min to 200%, which broke the gel. The shear strain was reduced to 0% at 6.3 min and then returned to 0.1% at 7.5 min. The G′ and G″ curves switched in approximately 10 s from G′ > G″ to G″ < G′ and the values of both G′ and G″ dropped from approximately 3000–12,000 Pa to approximately 5–50 Pa upon changing the strain from 0.1% to 200%. These changes revealed the rapid shear-thinning property of the C8-ILD-NH2(2) hydrogel, as the gel was liquefied by the increased shear strain. Moreover, the G′ and G″ values completely switched back to the values observed at 0.1% strain at 0.5–2 min, when the shear strain was returned to 0.1% at 7.5 min, indicating the complete regeneration of the gel. The shear-thinning and regenerative properties of the C8-ILD-NH2(2) hydrogel provided mechanistic insights into its potential for injectability and were confirmed as completely repeatable by a thixotropic test repeated at 18 min (Figure 5f).




3.3. Fibrous Networks in Hydrogels Self-Assembled from a Selected Cn Fatty Acid–AA1–AA2–D Conjugate: The Study Using FESEM


To understand the hydrogel network structures formed from Cn fatty acid–AA1–AA2–D conjugates, we performed an FESEM study of the representative one, namely the C8-ILD-NH2(2) hydrogel. FESEM showed the upper layer of fibrous networks under ×10,000 magnification (Figure 6a). These networks were polygonal. The SEM image of the hydrogel under ×35,000 magnification revealed the networks comprising fibrils with lengths > 1 µm comparable to those reported by other researchers (Figure 6b) [42,43]. There is a high propensity for C8-ILD-NH2(2) molecules to form fibrils through intermolecular hydrogen bonds between N-H (hydrogen-bonding donor) and C=O (hydrogen-bonding acceptor) groups, as it contains four N-H groups and five C=O groups to form hydrogen bonds along its backbone (Figure 2a). Of note, the nonpolar hydrocarbon side chains of I (isoleucine) and L (leucine) as well as the hydrocarbon tail of C8 acid in (2) can interact with the counterpart groups of another (2) through hydrophobic force, which also contributes to the formation of a hydrogel network [66].




3.4. The Hydrogel Formed from a Selected Cn Fatty Acid–AA1–AA2–D Conjugate Accelerated the Healing of Third-Degree Burn Wounds


C8-ILD-NH2(2) was selected as the initial candidate for burn-wound treatment from the 13 novel Cn fatty acid–AA1–AA2–D gelable conjugates synthesized in this study (Table 1) because it formed a hydrogel faster and with greater elasticity than the other 13 conjugates. This selection was further supported by our finding that the hydrogel formed from (2) had injectable, shear-thinning, and rapid re-gelling properties in saline at a broad pH range (pH 2–8) compatible with wound treatment. The C8-ILD-NH2(2) hydrogel (3% in PBS and 30 µL/wound) was injected to fill necrotic skin excised by third-degree burn wounds in 18-month-old C57BL/6J mice at day 2 dpb. The wound sizes were measured during the course of healing. The wound closure at 7 dpb, at 23.4% in the C8-ILD-NH2(2) gel-treated group, was significantly higher than the 5.2% closure for the control group (p < 0.05) (Figure 7a,b). At 14 dpb, the difference in wound closure was more significant (p < 0.01), as the wounds were 94.7% closed in the hydrogel-treated group compared to 52.9% in the control. Wound closure is a crucial step in the early healing phase, as it forms a barrier against infection and water loss while participating in and supporting other healing processes. The Tegaderm film dressing can markedly reduce the skin contraction as demonstrated by prior reports [50,51,52]. This forces the wound closure more by re-epitheliazation. Our method of film application is likely to render the contraction control more effective and durable than those in references [50,51,52]. The promotion of wound closure by the C8-ILD-NH2(2) gel demonstrated its prohealing properties and should act on wound re-epithelialization as well as contraction [67].



The acceleration of wound healing by the C8-ILD-NH2(2) hydrogel was confirmed with a histological analysis of the wound re-epithelialization (Figure 7b). Effective wound healing is characterized by the prompt regrowth of neoepithelium and regeneration of connective tissue by fibroblasts in the wound region [68]. Figure 7b shows the regeneration of epithelia from the wound edges, which resulted in a wound area with a higher degree of re-epithelialization in the C8-ILD-NH2(2) gel-treated wounds than in the nongel control wounds (411.4 vs. 2175.9 µm, p < 0.01). The control wounds also formed a scab on the wound surface (Figure 7b, left). Thus, the C8-ILD-NH2(2) hydrogel significantly promoted the re-epithelialization of third-degree burn wounds in C57/BL6j mice.



In summary, the C8-ILD-NH2(2) hydrogel can accelerate wound healing. No differences were found between the hydrogel-treated group and the PBS-treated control group in terms of mouse behavior, including drinking, foraging, grooming, and eating, or in terms of bodyweight or the size and weight of the liver, kidneys, and spleen. This hydrogel did not show systematic or local toxicity during the wound healing test. Our in vivo observations suggest that the application of hydrogel to wounds did not elicit any toxic or adverse effects on mouse health. Our pilot study of the C8-ILD-NH2(2) hydrogel for wound treatment has provided preclinical data for the further development of Cn fatty acid–AA1–AA2–D conjugate-based biomaterials for treating burn wounds in humans.



Notably, at 3 dpb, the wound sizes in both groups were actually larger than the initial size (6 mm in diameter) of the burn wounds created at 0 dpb, whereas the closure (%) at 3 dpb was negative (Figure 7a). The 6 mm heated rod used for burning cauterized/destroyed the 6-mm-diameter full-thickness skin underneath it; however, it also injured the tissue around its perimeter, causing the burn-wound margin to expand at 3 dpb, even though the necrotic tissue created by burning had already been debrided by conducting the 6 mm diameter full-thickness excision at 2 dpb. No differences were noted in wound size or closure at 3 dpb between the hydrogel-treated and control groups, which suggests that the hydrogel might be unable to rescue all damaged tissue or cells that were already destined to die. However, the promotion of wound closure and re-epithelialization by the hydrogel (Figure 7) may reflect its action in promoting growth from surrounding non-injured tissues and cells and/or its ability to partially rescue heat-injured tissue/cells [30,31]. The hydrogel may also affect wound vascularization, inflammation, and late-phase remodeling [30,31]. The hydrogels reported here may also have effects on bacteria and other microbes [4]. These possibilities are beyond the scope of this paper and will be examined in our future studies.




3.5. Ongoing and Future Directions


This report demonstrated the promising potential of novel gelable analogs formed by conjugating fatty acids and AA1–AA2–D tripeptides for wound treatment. We are currently screening other novel analogs in which D is replaced by other amino acids, such as glutamic acid, lysine, arginine, or histidine, with electrically charged side chains, and in which the Cn fatty acid is replaced by other fatty acids and their derivatives to generate biomaterials that can be used for better therapeutics. The Cn fatty acid–AA1–AA2–D analogs likely self-assembled into fibrous structures that further interacted with each other to form the hydrogel network. This prediction will be further tested in transmission electron microscopy and circular dichroism studies in the future. We also need to conduct all these studies on the other novel hydrogels that we synthesized in this pilot study.





4. Conclusions


We conducted a rational design and organic synthesis of molecular structures capable of forming prohealing hydrogels using two Fmoc/tBu-based SPPS routes, and we identified 13 novel conjugates of saturated fatty acid–aminoacid1–amonoacid2–asparatic acid that can form hydrogels under wound-compatible conditions. The compounds were purified, and analyzed using LCMS and 1H and 13C NMR spectroscopic techniques. Among them, C8 acid-ILD-NH2(2) was the best in terms of hydrogelation. Our results further revealed that C8 acid-ILD-NH2(2), in media resembling the pathophysiological wound condition, has desirable injectability, shear-thinning, and re-gelation features, as well as wound-compatible mechanical properties, that make this compound valuable in wound treatment. The C8 acid-ILD-NH2(2) hydrogel can markedly accelerate the healing of third-degree burn wounds. These results demonstrated the potential of the Cn fatty acid–AA1–AA2–D molecular template to form hydrogels capable of effectively promoting wound healing.
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Figure 1. General Fmoc/tBu-based solid-phase peptide synthesis (SPPS). (a) For peptides with a C-terminal amide (–NH2), Rink amide resin was used (for compounds 1–4 and 9–15). (b) For peptides with a C-terminal acid (-OH), Wang resin was used (for compounds 5–8). 
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Figure 2. NMR spectra of caprylic acid–isoleucine–leucine–aspartic acid amide conjugate [C8 acid-ILD-NH2(2)]. (a) 13C NMR (100 MHz). (b) 1H NMR (400 MHz). (c) 13C DEPT-135 NMR (100 MHz). Data were acquired for purified (2) (30 mg) dissolved in 0.7 mL of DMSO-d6. 
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Figure 3. LC-MS/MS of caprylic acid–isoleucine–leucine–aspartic acid amide conjugate [C8 acid-ILD-NH2(2)]. (a) Deprotonated molecular structure of C8 acid-ILD–NH2(2) and interpretative illustration of its MS/MS fragment ions. (b) A typical C18 reversed-phase chromatogram from LC-MS/MS analysis of (2). (c) LC-MS/MS spectrum of (2) and interpretation of its MS/MS fragment ions (right). The LC-MS/MS system consisted of an Agilent 1100 LC and QTRAP 6500+ quadruple-linear trap mass spectrophotometer with electrospray ionization. 
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Figure 4. Molecular structure, gelable concentration, and pH-related stability of the hydrogel self-assembled from C8-ILD-NH2(2). (a) Molecular structure of (2). (b) Swelling ratio at 1.5% and 3% (w/v). (c) Gelation at different concentrations of (2) (w/v) in PBS at pH 7.4: 0.05%, no gelation; 0.1%, no gelation; 0.25%, gelated; 0.5%, gelated; 1.0%, gelated. (d) Photos showing the gel stability of C8-ILD-NH2(2) (1.5% w/v) at different pHs: pH 2–8, gelated and stable; pH 10, no gelation. Results are presented as mean ± SD (n = 3) with * p < 0.05, ** p < 0.01. NS: no significant difference. 
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Figure 5. The injectable and rheological properties of C8-ILD-NH2(2) hydrogel. (a) Photo showing the injectable nature: injection by syringe. The hydrogel re-gelated quickly along the vial neck after injection. (b) A zoom-in photo of the re-gelated hydrogel after injection. (c) Shear strain amplitude sweep experiment of (2) with constant frequency of 10 rads/s. Arrow marks the flow point where G′ and G″ cross over. (d) Frequency sweep experiment with a constant shear strain of 1%. (e) Time sweep curing experiment with a constant strain (10%) and frequency (1 Hz). Arrow marks the crossover point of G′ and G″. (f) Thixotropic test with imposition of a gel-endurable shear strain of 0.1% and a gel-breaking shear strain of 200%. The rheological tests were conducted using (2) at 3.0% (w/v) in PBS at pH 7.4 and 37 °C. 
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Figure 6. Surface structures of the fibrous networks from freeze-dried C8-ILD-NH2(2) hydrogel were observed using field emission scanning electron microscopy at different magnifications. Secondary electrons (SEs) were detected using an upper detector (U), with a working distance of 2.2 mm and acceleration voltage of −3.0 kV. (a) Image at ×10,000 (b) Image at ×35,000. 
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Figure 7. C8-ILD-NH2(2) hydrogel accelerated the healing of third-degree burn wounds in mice. (a) Left, typical photographs of wounds. The thin transparent ruler in the focal plate was used as the scale bar. Right, hydrogel formed by (2) promoted wound closure. (b) Hydrogel formed by (2) accelerated epithelialization. Left, representative micro-images of hematoxylin/eosin-stained wound sections (top: control; bottom: Gel(2)-treated); right, epithelial gaps. Results are presented as mean ± SEM with * p < 0.05, ** p < 0.01 (t-test). 






Figure 7. C8-ILD-NH2(2) hydrogel accelerated the healing of third-degree burn wounds in mice. (a) Left, typical photographs of wounds. The thin transparent ruler in the focal plate was used as the scale bar. Right, hydrogel formed by (2) promoted wound closure. (b) Hydrogel formed by (2) accelerated epithelialization. Left, representative micro-images of hematoxylin/eosin-stained wound sections (top: control; bottom: Gel(2)-treated); right, epithelial gaps. Results are presented as mean ± SEM with * p < 0.05, ** p < 0.01 (t-test).
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Table 1. Novel fatty acid–peptide covalently bonded conjugates developed in this report: a brief of their chemical structures, MS/MS ions, and hydrogelation features.
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	Compound #
	Structure (a)
	MS/MS Ions, m/z (b)
	Gelation Feature (c)
	Gelation Time (min)





	1
	H-ILD-NH2
	357.2 (M − H), 295.3, 268.3, 242.3, 225.2
	Not gelate
	NA



	2
	C8-ILD-NH2
	See Section 3.1.1
	[image: Biomolecules 14 00094 i001]
	2



	3
	C12-ILD-NH2
	539.5 (M − H), 522.1, 496.3, 424.2, 406.8, 296.2
	[image: Biomolecules 14 00094 i002]
	6



	4
	C16-ILD-NH2
	595.5 (M − H), 578.5, 552.5, 481.4, 463.4, 351.5
	[image: Biomolecules 14 00094 i003]
	10



	5
	C8-ILD-OH
	484.5 (M − H), 440.4, 394.4, 369.5, 350.5, 325.6, 130.2
	Not gelate
	NA



	6
	C12-ILD-OH
	540.4 (M − H), 496.4, 425.2, 406.4, 294.6, 198.4
	[image: Biomolecules 14 00094 i004]
	7



	7
	C14-ILD-OH
	568.5 (M − H), 524.4, 453.6, 434.5, 409.6, 339.7, 322.7
	[image: Biomolecules 14 00094 i005]
	10



	8
	C16-ILD-OH
	596.5 (M − H), 578.4, 481.4, 462.4, 437.3, 350.5
	[image: Biomolecules 14 00094 i006]
	15



	9
	C8-IAD-NH2
	441.4 (M − H), 352.2, 326.5, 308.2, 200.3, 182.3
	[image: Biomolecules 14 00094 i007]
	2



	10
	C8-IVD-NH2
	469.5 (M − H), 425.5, 380.5, 354.4, 336.1, 281.6
	[image: Biomolecules 14 00094 i008]
	3



	11
	C8-ALD-NH2
	441.4 (M − H), 326.4, 308.4, 200.0, 182.3, 165.2
	[image: Biomolecules 14 00094 i009]
	3



	12
	C8-LLD-NH2
	483.4 (M − H), 421.6, 368.5, 350.5, 295.7, 197.4, 165.2
	[image: Biomolecules 14 00094 i010]
	5



	13
	C8-VLD-NH2
	469.4 (M − H), 451.4, 425.5, 380.4, 354.5, 336.4, 281.5, 193.3
	[image: Biomolecules 14 00094 i011]
	6



	14
	C8-IID-NH2
	483.5 (M − H), 421.5, 368.4, 350.4, 295.5, 197.2, 165.3
	[image: Biomolecules 14 00094 i012]
	5



	15
	C8-LID-NH2
	483.5 (M − H), 368.4, 350.4, 295.4, 181.7, 165.1
	[image: Biomolecules 14 00094 i013]
	5







Notes: (a) In the structure column, C8, C12, C14, and C16 denote the corresponding carbon chain length; letters I, L, D, A, and V denote amino acids; I—isoleucine, L—leucine, D—aspartic acid, A—alanine, V—valine; -NH2: C-terminus amide group; and -OH: C-terminus carboxylic acid group; (b) MS/MS ion acquired by LC-MS/MS, single charged (z = 1, m/z = Daltons); (c) conjugate: 1.5% w/v in PBS saline, pH 6.5–7.8. NA: not applicable.
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