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Targeted and controlled drug delivery employing “smart materials” is a widely investigated field, within which stimuli-responsive polymers, particularly those which are thermo-responsive, have received considerable attention. Thermo-responsive polymers have facilitated the formulation of in situ gel forming systems which undergo a sol-gel transition at physiological body temperature, and have revolutionized the fields of tissue engineering, cell encapsulation, and controlled, sustained delivery of both drugs and genes. However, the use of single thermo-responsive polymers in the creation of these systems has posed numerous problems in terms of physico-mechanical properties, such as poor mechanical strength, high critical gelation concentrations (CGC) resulting in increased production costs and solutions that are too viscous, toxicity, as well as gelation temperatures that are incompatible with physiological body temperatures. Hybridization of these thermo-responsive polymers with other polymers has therefore been employed, resulting in the creation of tailor-made drug delivery systems that have optimal gelation temperatures and concentrations, ideal viscosities and improved gel strengths. This article reviews various thermo-responsive polymers that have been employed in the formulation of thermo-gelling systems. Special attention has been given to the hybridization of each of these polymers, the resulting systems that have been created, and their biomedical applications.
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INTRODUCTION

Stimuli responsive drug delivery systems have been widely investigated due to their role in facilitating targeted and controlled drug delivery (Thambi and Lee, 2019). Among the stimuli responsive systems, thermo-responsive drug delivery systems have received considerable attention, and will thus be the focal point of this article (Mura et al., 2013; Huang et al., 2019). Thermogels are gels that undergo an in situ sol-gel transition by virtue of the difference in their ambient storage temperature and the physiological temperature of the body (Kumar et al., 2018; Figure 1). Ideally, thermogels should be free flowing solutions at room temperature, and only form gels once administered into the body (Ruel-Gariépy and Leroux, 2004). This thermo-responsive behavior is attributed to a change in the hydrophilic and hydrophobic interactions among the polymer molecules and water molecules that make up the solution (Bajpai et al., 2008; Shah et al., 2018).
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FIGURE 1. A graphical abstract of thermo-gelling systems and their biomedical applications. Reproduced with permission from Liow et al. (2016). Copyright 2016 American Chemical Society.


Among the decisive properties associated with thermo-responsive gels are the critical gelation concentration (CGC) and critical solution temperature (CST). The CGC is defined as the concentration of a material that results in thermo-gelation (Matanović et al., 2014). This is a crucial consideration in the formulation of thermogels (Bromberg and Ron, 1998), as it in turn affects the viscosity, gelation temperature and practicality of the formulation in terms of both usability and production costs. The CST is the temperature that is noted when phase separation of the solution occurs (Saeki et al., 1976). When polymers gel upon heating, they have a lower critical solution temperature, below which they are soluble and above which they become insoluble and hydrophobic (Matanović et al., 2014). Conversely, when polymers gel upon cooling, they display an upper critical solution temperature (Peppas et al., 2000). Hybridization of thermo-responsive polymers with other materials has allowed researchers to formulate ideal thermogels to suit their requirements, thereby mitigating issues that arise when the gelation concentrations of thermo-responsive polymers are too high, or gelation temperatures are not feasible for in situ gelation.

Properties of thermogels that make them advantageous for biomedical applications as opposed to existing, conventional drug delivery systems are as follows: (1) Thermogels mitigate the need for invasive surgical procedures and have a faster onset of action and better absorption as they by-pass first pass metabolism. Their sol-phase at ambient temperatures allows them to be injected at the site of action either intravenously or subcutaneously and take the shape of the area that they are injected into, where possible (Jeznach et al., 2018; Loh et al., 2018). (2) Thermo-gelling systems serve as a depot once injected into the body, mitigating the need for multiple daily dosing, thereby improving patient compliance and resulting in better therapeutic outcomes (Loh et al., 2007). Sustained release of a constant amount of drug is possible with thermogels, making it ideal in the treatment of chronic conditions (Liow et al., 2016). (3) Drug levels can be controlled, thus promoting safety of the patient. The need to administer a single dosage of drug at a high concentration is mitigated, thereby reducing the risk of systemic toxicity and unwanted adverse effects due to drug levels fluctuating or rising above safe concentrations. (4) The water content within the matrix of thermogels promotes their biocompatibility and enables them to serve as a system for drug delivery and lubrication in sensitive areas of the body (Caramella et al., 2015). (5) Most thermogels are easy to manufacture with the use of aqueous solvents, and are physically crosslinked in the presence of heat, thereby mitigating the need for organic solvents or crosslinking agents (Yan et al., 2015). This facilitates the delivery or proteins, peptides and genes via thermogels, by decreasing the risk of denaturation (Packhaeuser et al., 2004).

Thus, thermo-responsive systems have revolutionized the field of drug delivery. However, the use of single thermo-responsive polymers in drug delivery applications does have many setbacks which need to be overcome. These include: (1) high gelation concentrations which affects both manufacturing costs and convenience of application, (2) poor gel strengths resulting in very low viscosity gels which are unsuitable for certain applications, (3) high gelation temperatures that do not correlate with physiological body temperature, thereby not facilitating in situ gelation, and occasionally, (4) cytotoxicity. Hybridization of these single thermo-responsive polymers has allowed for the creation of tailor-made, targeted delivery systems with physico-mechanical properties precisely suited to the needs of the system (Mayet et al., 2014; Zarrintaj et al., 2019). These in situ gel forming systems have been shown to serve as excellent matrices for cell encapsulation, tissue engineering, and targeted, prolonged delivery of both drugs and genes. Their sol phase at ambient temperatures enables ease of application by injection at the desired site of action, and their ability to release drugs and genes in a sustained manner allows for less frequent dosing and administration, thereby contributing toward improved patient compliance and treatment efficacy.

This article is a review of key thermo-responsive polymers that have been used to form in situ gelling systems, namely: chitosan-β-glycerophosphate, poly (N-Isopropylacrylamide) (pNIPAAm), pluronic F127, methylcellulose and PEG-PCL. Special focus is given to the hybrid thermogels that have been formulated from each polymer, the advantages or reasons for hybridization and their applications in the biomedical field.



HYBRID THERMO-RESPONSIVE POLYMER SYSTEMS


Chitosan Based Thermogels

Chitosan is a biodegradable, biocompatible polysaccharide that has been widely used in drug delivery applications. Consisting of N-acetyl-D-glucosamine and b-(1,4)-linked D-glucosamine that is randomly arranged, chitosan is a cationic polymer that is hydrophilic and has gel forming ability (Kristl et al., 1993). When the pH of a chitosan solution is increased to 7.2, chitosan can gel at body temperature. The first chitosan-based thermogel was created by Chenite et al. (2000). Chenite et al. (2000) developed a thermo-responsive gelling system by the addition of β-glycerophosphate, a polyol salt, to pH responsive chitosan solutions. The β-glycerophosphate serves to increase the pH of the acidic chitosan to 7–7.4 by acting as a weakly basic salt, allowing a gel to form in a controlled manner at 37°C, while maintaining its liquid state at 10°C (Chenite et al., 2000, 2001; Ruel-Gariépy et al., 2000). The resulting solution was a clear liquid at room temperature but gelled once at physiological body temperature. This thermo-gelling system was created without the use of any detergents, crosslinking agents or organic solvents. As the degree of deacetylation of chitosan increased, the sol stability at room temperature and the gelation time decreased (Ruel-Gariépy et al., 2000).

The rationale behind the thermo-responsive gelation of chitosan-β-glycerophosphate is as follows (Figure 2): (1) A reduction in the polarity of chitosan, resulting in an increase in the hydrophobicity of the matrix, (2) dehydration of the chitosan chain, (3) opportunities for hydrogen bonding together with hydrophobic interactions created by a shift in the charge density and attraction between chitosan and β-glycerophosphate due to the transfer of protons from chitosan to β-glycerophosphate (Ruel-Gariépy et al., 2000; Chenite et al., 2001). The above phenomena are achieved when an ideal balance between the following forces is achieved: (1) intramolecular electrostatic repulsive forces within chitosan, (2) attractive forces between the positively charged amine groups within chitosan and the negatively charged phosphate group within β-glycerophosphate, (3) hydrogen bonding and hydrophobic attractions that exist between the chitosan fragments, and (4) the ability of glycerol moieties to restructure water molecules (Chenite et al., 2001).
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FIGURE 2. (A) Schematic image of chitosan/GP hydrogel formation via electrostatic crosslinking between amine cationic groups of the chitosan chains and the phosphate anionic groups of the GP, and in vitro release of BSA-FITC from BSA-FITC-loaded chitosan/GP hydrogels (Kim G. O. et al., 2012). Licensed under Creative Commons: Kim J. K. et al. (2012). (B) Illustration of the molecular interactions involve in the thermo-gelation process of chitosan-β-glycerophosphate. Licensed under Creative Commons: Dashtimoghadam et al. (2014).


Furthermore, Cho et al. (2005) attributed the thermo-gelation of chitosan-β-glycerophosphate to a decrease in hydrogen bonding within the chains, stating that as the temperature increases, vibrational and rotational energy transitions are experienced by the hydrated structures that surround the chitosan fragments, subsequently resulting in disorientation and dehydration. The now hydrophobic structures experience a change in conformation from a coiled, compact physical gel junction, with greater intramolecular hydrogen bonding, at lower temperatures, to an unfolded three-dimensional structure, with fewer intramolecular hydrogen bonds but more intermolecular hydrogen bonds, that is capable of forming contacts between zone junctions, thereby forming a gel at physiological body temperature (Kim et al., 2010).

Many attempts have been made in the hybridization of chitosan-β-glycerophosphate, particularly in the field of tissue engineering. It was found that hybridization of chitosan-glycerophosphate with collagen produced significantly better stem cell proliferation due to a reduction in toxicity of the thermogel as opposed to pure chitosan-glycerophosphate thermogels. This was depicted in a study conducted by Wang and co-workers, where chitosan-glycerophosphate was combined with type 1 collagen to form an in situ gel forming system capable of functioning as a matrix to encapsulate and deliver DNA and stem cells for tissue repair. Over a 12-day period, the content of DNA within the pure chitosan-glycerophosphate thermogel decreased by fifty percent, while a seventy percent increase in the hybridized thermogel was shown. The collagen containing composites promoted remodeling of the gel as well as survival of the cells when combined with the chitosan, which had an osteogenic effect (Wang and Stegemann, 2010). Furthermore, greater gel stiffness and gel compaction was observed. More recently, Song et al. (2017) depicted similar favorable results in terms of hybridization with collagen with an optical density that increased right up till day seven of their study, indicating cell growth, whereas the chitosan-glycerophosphate hydrogel devoid of collagen depicted an increase in optical density only until day three. The formulation gelled within 12 min at a temperature of 37°C, showed good mechanical strength and was able to maintain its integrity within the cell culture media for the entire duration of 4 weeks. In addition, in vivo studies depicted more favorable results for the hybridized thermogel than the pure chitosan-glycerophosphate thermogel, with lower immune resistance, better biocompatibility and approximately half of the gel biodegraded within 4 weeks post administration (Song et al., 2017). Furthermore, the current research shows that hybridization with NIPAAM also significantly reduces the toxicity of chitosan based thermogels, with an increase in cell proliferation correlating with an increase in the NIPAAM content within the hybridized thermogels. The addition of NIPAAm was also said to improve the solubility of the gels. This chitosan-NIPAAm thermogel formulated by Luo et al. (2020) was successful in the treatment of oral mucosal ulcers, with thermo-gelling temperatures of between 30.1 and 31.8°C thereby facilitating ease of application by injection at ulcer sites within the oral cavity. Chitosan was also shown to have antimicrobial activity in this study, and was able to inhibit both gram positive and gram negative bacterial growth, as well as promote gingival fibroblast proliferation and improve blood clotting, ultimately promoting the healing of ulcers and resulting in reduced ulcer healing times (Luo et al., 2020).

Interestingly, the release profile of chitosan based thermogels was optimized by first employing thiolation to form chitosan-4-thio-butylamide (CS-TBA), and then combining it with β-glycerophosphate and hydroxyapatite. The formulation gelled at a temperature of 37°C within 10 min and depicted good mucoadhesive properties, as well as good water solubility at a neutral pH. In vitro release studies showed an initial burst release of bovine serum albumin, followed by sustained release until day twenty of the study, with a total release of 98.8%. This release profile was attributed to the thiol groups and disulfide bonds which resulted in the formation of disulfide-linked covalent aggregates between bovine serum albumin and chitosan-4-thio-butylamide. The formulation showed potential in drug delivery and tissue engineering applications due to its low cytotoxicity, porous structure, favorable degradation rate, and uniform nano-hydroxyapatite distribution. Furthermore, the enhanced mucoadhesive properties of the system makes this system ideal for transmucosal drug delivery via oral, nasal, rectal, vaginal and ocular routes (Liu et al., 2014). In another study, hybridization with alginate was employed to improve the release profile of an mRNA loaded chitosan-glycerophosphate thermogel. The resulting system was able to gel at 37°C and showed a total of seventy percent cumulative release of the mRNA over a 3 week period. When chitosan was used alone, a slow release was depicted, and this was attributed to the positively charged chitosan interacting with the negatively charged mRNA, thereby retaining it. When alginate was used on its own, a fast release was shown, and this was attributed to electrostatic repulsive forces between the negatively charged alginate and the negatively charged synthetic mRNA. Thus, combining the negatively charged alginate with the positively charged chitosan-glycerophosphate resulted in a hybrid thermogel capable of sustained release of synthetic mRNA, at an optimal rate, faster than that of chitosan alone, but slower than that of alginate alone (Steinle et al., 2018).

Lastly, the gelation time as well as the gel strength of chitosan based thermogels was optimized in two ways. Shirosaki et al. (2015) developed a chitosan-glycerophosphate-γ glycidoxypropyltrimethoxysilane (GPTMS) thermogel for use as an injectable biomaterial in clinical applications. The addition of the γ-glycidoxypropyltrimethoxysilane decreased the gelation time of the chitosan-glycerophosphate hydrogel significantly, and increased the gel strength, in a proportionate manner. Results showed that the chitosan- γ-glycidoxypropyltrimethoxysilane gels did not degrade when exposed to phosphate buffer solution, and the rate of mass loss when the gel was exposed to lysozyme solution was inversely proportionate to the amount of γ-glycidoxypropyltrimethoxysilane added. The formulation formed an opaque gel at 36.5–37°C and showed excellent cytocompatibility with human osteoblasts and MG63 osteosarcoma cells. As the amount of γ-glycidoxypropyltrimethoxysilane was increased, the surface stiffness of the gel increased as well, resulting in improved cell attachment. The most favorable results in terms of cell proliferation was achieved when a moral ratio of 1:0.5 chitosan: γ-glycidoxypropyltrimethoxysilane was used (Shirosaki et al., 2015). Furthermore, manipulation of the gelation time and gel strength was also achieved when the effects of nanostructured chitosan/gelatin/bioactive glass thermogels in bone tissue engineering was investigated by Moreira et al. (2018). Increasing the content of gelatin and bioactive glass within the thermogel resulted in a decrease in the gelation time and temperature, as well as improved mechanical properties. Rheological studies depicted an increase in the elastic modulus (G’) of the gels from 5.4 Pa in pure chitosan gels to 12.4 Pa in the composite chitosan gels containing gelatin and bioactive glass. The live cell-viability of the osteosarcoma cell line was indicative of the cytocompatibility of this thermogel with human cells. The resulting formulation gelled at 37°C and was cationic, enabling it to interact with molecules that were negatively charged within the native extracellular matrix (Moreira et al., 2018).

Overall, hybrid chitosan based thermogels show promising results in terms of their potential in tissue engineering applications due to the reduction in toxicity and improvement in gel strength provided by hybridization (Zarrintaj et al., 2020). Hybridization of chitosan-β-glycerophosphate is possible with a range of different polymers to optimize the gel strength, gelation time, release profile and cytocompatibility of the gel.



Poly (N-Isopropylacrylamide) Based Thermogels

Poly (N-Isopropylacrylamide) (pNIPAAm) is synthetic thermo-responsive polymer derived from an acrylamide monomer, N-isopropylacrylamide (NIPAAM), consisting of amide and propyl moieties. pNIPAAm is an attractive prospect for thermo-responsive drug delivery applications due to its lower critical solution temperature (LCST) of approximately 32°C, close to the physiological human body temperature. Below the lower critical solution temperature, water molecules solvate the hydrophilic amide groups, pNIPAAm has good water solubility and exists in a flexible, coiled form (Doorty et al., 2003; Pei et al., 2004) with a hydration shell that is well structured. Above this temperature, pNIPAAm becomes insoluble in water and exists in globular form (Zhang et al., 2001) as interactions between hydrophobic propyl groups within the molecule become stronger and the hydrogen bonds weaken (Almeida et al., 2012). The chains within the polymer structure collapse and there is a loss of water from the structure, this volume phase transition (VPT) occurs at approximately 34°C (Figure 3) (Schild, 1992).
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FIGURE 3. Schematic illustration of the chemical structure and thermo-gelling LCST behavior of PNIPAAm. Reproduced with permission from the Royal Society of Chemistry, Doberenz et al. (2020).


In the formulation of thermogels however, the use of pNIPAAm alone is limited, due to its poor mechanical strength (Zhang et al., 2016). This has resulted in copolymerization of NIPAAm with various other polymers such as poly (ethylene glycol) (PEG), acrylic acid (AA) and cellulose, to name a few. Copolymerization with polymers that are hydrophobic in nature results in a decrease in the lower critical solution temperature of pNIPAAm, while the opposite is true for copolymerization of NIPAAm with hydrophilic polymers (Kim et al., 2009). The increase in LCST when copolymerization with hydrophilic polymers occurs is attributed to an overall increase in hydrophilicity of the molecule, and hence an increase the hydrogen bonding interactions between the polymer and water molecules (Feil et al., 1993). When NIPAAm was copolymerized with cellulose, the LCST was increased when the ratio of methylcellulose within the copolymer was greater than that of NIPAAm, whereas when the percentage of methylcellulose was less than that of NIPAAm within the copolymer, the LCST was decreased. Furthermore, an improvement in mechanical strength of the gel was seen, with increasing storage moduli values at 36°C depicted as the cellulose content within the copolymer was increased. The resulting thermogel was shown to have promising application in blood vessel repair (Liu et al., 2004). Interestingly, unusual thermo-responsive behavior was seen when a poly(NIPAAm-co-AM)/PEG/PTA composite gel was developed by Guo et al. (2015). The formulation showed an upper critical solution temperature of 59.6°C, with no lower critical solution temperature seen within a 25–70°C temperature range. The upper critical solution temperature behavior was attributed to competitive behavior between PEG, p(NIPAAm-co-Acrylamide) and phosphoric tungstic acid (PTA). It was found that the upper critical solution temperature varied with the concentration of PEG. This thermo-responsive system has potential for application in catalysis and other separation systems (Guo et al., 2015).

Various studies have been conducted to improve the mechanical properties of NIPAAm by hybridization with other materials, as discussed below. Barnes et al. (2016) established that the addition of collagen to a poly(N-ispropylacrylamide) based thermogel resulted in a thermo-gelling system with improved mechanical strength, without compromising the cytocompatibility of the gel. It was found that with varying concentrations of the gels, the resulting formulations had shear moduli comparable with that of the soft tissues found within the human body, ranging from 105 Pa to less than 102 Pa. The pores and micro-structures within these gels also allowed for the encapsulated stromal cells to develop different morphologies, thus showing potential for directing the course of cell fate (Barnes et al., 2016). Hybridization with mesoporous silica (KIT-6) also proved to be an effective strategy in improving the mechanical strength of poly(N-ispropylacrylamide) based thermogels. The formulation, developed by Kamachi et al. (2016), had a volume phase transition at 34°C with the improved mechanical strength attributed to the formation of both topological and rigid crosslinks upon the addition of mesoporous silica. In addition, the employment of the mesoporous silica resulted in an increase in the adsorption capacity of the gel, with almost all the space offered by the mesopores available for drug or compound entrapment even after gelation, thereby offering a higher loading capacity for drugs or compounds (Kamachi et al., 2016). Zhang et al. (2016) successfully manipulated the mechanical properties of poly(N-ispropylacrylamide) via hybridization with acrylic acid, resulting in a dually crosslinked thermogel comprising of a two-level network structure. The first of which being the covalently crosslinked poly (N-ispropylacrylamide-co-acrylic acid) by the addition of a crosslinking agent, and the second being the multivalent ion pairing between acrylic acid groups in the poly (N-ispropylacrylamide-co-acrylic acid) and Fe (III). The resulting thermogel had a lower critical solution temperature of 32°C, with mechanical properties that varied per the concentration of acrylic acid within the hybrid gel. The mechanical strength of the gel was greatly improved, with results depicting strengths of up to 6 MPa tensile strength and 69.8 MPa compressive strength, with potential for application as tissues, soft robotics, sensors and manipulators (Zhang et al., 2016). Lastly, yet another strategy to improve the elasticity and strength of poly(N-isopropylacrylamide) based thermogels was developed by Yuan et al. (2018), by the reversable addition-fragmentation chain-transfer polymerization (RAFT synthesis) with ABA triblock copolymer flower-like nanogels. Apart from enhanced mechanical properties, the resulting formulation showed a phase transition temperature of 32°C with a rapid response and large swelling ratio. These properties were attributed to the small uniform pores within the gel structure, as well as the entanglement and crosslinking present between the gel matrix and the PDMA loops of the flower-like nanogel (Yuan et al., 2018).

Furthermore, the release profile of NIPAAm based thermogels can also be optimized by hybridization. A group of researchers formulated an injectable protein-reactive thermogel for the extended and sequential delivery of proteins, by first hybridizing NIPAAm with 2-Hydroxyethyl methacrylate (HEMA) and methacrylate polylactide (MAPLA) via free radical polymerization, and then incorporating protein loaded microspheres. The formulated copolymers were able to gel below 37°C and released protein for over 3 months. The injectability, biodegradability, and the extended and simultaneous sequential release characteristics of this system make it an attractive prospect in tissue engineering applications, particularly, intramyocardial injections following ischemic injury (Nelson et al., 2012). In another study by Lee et al. (2018), conjugation of NIPAAm with sulfonated poly(serinol hexamethylene urea) (SPSHU) was undertaken to formulate a thermogel for the controlled delivery of vascular endothelial growth factor (VEGF) in the promotion of therapeutic angiogenesis. The sulfonate groups within the gel created an electrostatic binding affinity to vascular endothelial growth factor (VEGF), thereby allowing the gel to bind to VEGF and localize it, facilitating its spatiotemporal control. Additionally, a decrease in the initial burst release was seen, together with a reduction in the sustained rate of release, showing the system’s potential for the delivery angiogenic factors (Lee et al., 2018).

NIPAAm has also shown promising results in the formulation of thermo-responsive, shape adaptive hydrogel actuators when hybridized with less- or non-responsive polymers, due to the differences in the thermo-responsive swelling and shrinking properties of the polymers (Zhang et al., 2019). Successful manipulation of both the lower critical solution temperature and shape adaptive behavior was achieved via copolymerization of NIPAAm with N-[3-(Dimethylamino)propyl]methacrylamide (DMAPMA) and acrylamide (AM) respectively. By combining pNIPAAm with polymers that are responsive to different stimuli, hydrogels with distinct swelling characteristics in each layer were formulated, such as a dually thermal and pH responsive pNIPAAm-PVA/PDMAEMA-PSS hydrogel, and the thermal and c(H’) responsive pNIPAAm-PDMAEMA. Further, to achieve faster, reversible, bidirectional bending in both hot and cold temperature conditions, NIPAAm, which possess a LCST, was copolymerized with poly(acrylic acid-co-acrylamide), which has an opposing UCST.

As it can be seen, hybridization of poly(N-isopropylacrylamide) in the formulation of thermogels not only results in an improvement in the mechanical strength and release profiles of the gel, but depending on the polymers used and the interactions between thermo-responsive NIPAAm and other less- or differently-responsive polymers, may display other favorable properties that may be exploited as well.



Pluronic Based Thermogels

Pluronic (commonly known as poloxamer) is a triblock co-polymer consisting of hydrophobic poly-propylene-oxide (PPO) at the center with hydrophilic poly-ethylene-oxide (PEO) on either side (Kabanov et al., 2002). The precise mechanism of gelation of pluronic has not been confirmed, but the following mechanisms have been proposed (Figure 4): (1) With an increase in temperature, there is a decrease in the micellar concentration due to changes of the properties of micelles with regards to aggregation and symmetry (Rassing and Attwood, 1982; Abou-Shamat et al., 2019); (2) The forces of friction between the copolymer micelles cease to exist with the dehydration of poly-propylene-oxide, consequently, there an increase in the viscosity of the system with gel formation (Rassing et al., 1984); (3) Water molecules around the core undergo re-organization, resulting in a change in entropy for (O–C–C–O) groups from a polar to a non-polar state, thereby propelling the sol-gel transition (Vadnere et al., 1984); (4) Hard-sphere crystallization occurs whereby above the critical micelle concentration, there is an equilibrium between the copolymer unimers and micelles at lower temperatures, with an increase in micelle formation and volume fraction in comparison to the unimers corresponding with an increase in temperature (Abdi et al., 2012).
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FIGURE 4. Schematic diagram for two mechanisms (A,B) for the gelation of F108 through micellization. From stage i to stage iii, the arrows indicate the direction of increasing temperature. F108 molecules exist as unimers at stage i, and the micelles are formed during stage ii. In mechanism A, the micellar sizes remain the same, but new micelles are formed at stage iii so that the intermicellar distance is shortened and gelation through entanglements is allowed. In mechanism B, the number of micelles remains unchanged during stage iii, but their size is increased with temperature so that the intermicellar distance is shortened and gelation through entanglements is allowed. Reproduced with permission from Lau et al. (2004), John Wiley and sons. (C) Chemical structure of PEO-PPO-PEO triblock co-polymers.


Pluronic F127 (also known as poloxamer 407) is a commonly used (PEO-PPO-PEO) triblock copolymer with a PEO: PPO ratio of 2:1 (Lin and Sung, 2000; Escobar-Chávez et al., 2006), and a gelation concentration greater than 20% at 25°C. At concentrations between 20 and 30%, the solution exists in the sol phase below 25°C and forms a thermo-reversible gel at body temperature (Miyazaki et al., 1984; Lenaerts et al., 1987). However, this high CGC is not ideal, resulting in the formation of gels with high viscosity (El-Kamel, 2002), gelation at ambient temperatures, and potential for cytotoxicity. In addition, the delicate structure of pluronic affects the stability of pluronic based thermogels in vitro in certain applications (Rangabhatla et al., 2016). To mitigate these problems, hybridization of pluronic has been used.

To combat the issue of high gelation concentrations, it was found that when hybridization with methylcellulose was employed, thermo-gelation was possible at concentrations of pluronic as low as 12% (Rangabhatla et al., 2016). In a study conducted by Rangabhatla et al. (2016), hybrid thermogels in ratios of 12 pluronic: methylcellulose and 14 pluronic: methylcellulose showed thermo-gelation at 37°C, while existing in the sol phase at room temperature. Furthermore, at room temperature, the gels exhibited low viscosities, thereby facilitating ease of injection into the body. Cell studies using these formulations depicted that the viability of the cells was increased upon the addition of methylcellulose to the pluronic based thermogel. The resulting formulation showed potential for application in bone remodeling as sustained release over a 28-day period was shown when etidronate disodium was incorporated (Rangabhatla et al., 2016).

To increase the strength of pluronic-based thermogels and improve the cell viability within pluronic-based thermogels, Abdi et al. (2012) proposed hybridization with alginate and hyaluronic acid. A blended hydrogel was formulated for cell injection applications. Due to the high concentrations of pluronic that is used in the formation of thermogels, toxicity is often problematic, resulting in poor cell viability. The formation of a pluronic-alginate blend increased the cell viability up to 80%. Furthermore, the incorporation of small amounts of hyaluronic acid (0.1%) to the blend showed even better cytocompatibility results, since hyaluronic acid is a component of the natural extracellular matrix, thereby facilitating the growth and survival of cells. The formulation also showed that as the concentration of alginate within the blend increased, the strength of the gel that was formed at physiological body temperature of 37°C was increased as well. When 3% of alginate was used, a strong gel capable of sustaining cells at physiological temperature and pH was achieved (Abdi et al., 2012). More recently, in a similar study, the efficacy of hybridization of pluronic with alginate in the formation of thermo-gelling systems was once again demonstrated by Quah et al. (2018). An increase of approximately 100-fold was also seen in the storage moduli of the formulated thermo-gelling system as the temperature increased from 15 to 40°C, indicating an increase in the stiffness of the gel, showing potential for application in soft tissue engineering, dental applications, wound healing and as an injectable drug delivery system. Interestingly, it was also found that while increasing the concentration of pluronic within the thermogels decreased the gelation temperature, increasing the concentration of alginate increased both the upper and lower transition temperatures (Quah et al., 2018).

To modify the gelation temperature of Pluronic F127 based thermogels such that they would only gel in situ, a group of researchers proposed hybridization with methacryloisobutyl- polyhedral oligosilsesquioxane (MA-POSS). The addition of MA-POSS to pluronic F127 via atom transfer radical polymerization resulted in the formation of a thermogel with a gelation temperature of 33.5°C, ten degrees higher than that of the pristine pluronic F127 gel, which displayed a gelation temperature of 23.5°C. This was attributed to the hinderance from the association of the hydrophobic poly-(propylene glycol) segments within pluronic F127 which induces gelation, by the rigid nano-block structure of POSS. Furthermore, the degradation temperature of the resulting hybrid thermogel was increased by 15°C as compared to that of the pristine pluronic F127 thermogel. In addition, rheological studies showed that the modulus of the gel was maintained upon the incorporation of MA-POSS, thus the strength of the gel was not compromised by the addition of POSS (Dou et al., 2016). Similarly, when pluronic F127 was hybridized with carboxymethyl chitosan (CMCS) for the localized and systemic delivery of chemotherapeutic agents, an increase both the gelation temperature and time was seen. This was attributed to the increase in hydrophilic groups upon the addition of the hydrophilic CMCS, and consequently a reduction in hydrophobic interactions. The incorporation of the chemotherapeutic 5-Flourouracil also resulted in an increase in the gelation time and temperature, by virtue of an increase in the hydrophilicity once again. Further, the increase in the hydrophilic carboxyl groups present when increasing the contents of CMCS within the formulation also resulted in an increase in drug release, particularly at pH7.4, due to a resulting increase in water uptake and subsequently drug diffusion (Khan et al., 2018).

Thus it can be seen that pluronic, while quite difficult to work within its pure form, can be copolymerized and hybridized with a range of different, easily available polymers to formulate ideal thermo-gelling systems that are suitable for use in a wide range of biomedical applications. Hybridization of pluronic in the formation of thermogels not only facilitates the use of lower concentrations of the polymer, but also results in improved strength and mechanical properties, and reduced toxicity.



Cellulose Based Thermogels

Methylcellulose and hydroxypropyl methylcellulose are hydrophobically substituted water soluble cellulose derivates that are thermo-responsive (Barros et al., 2014). At concentrations between one and ten percent, aqueous solutions of these polymers exist in solution form at lower temperatures, but form gels when the temperature is increased beyond the lower critical solution temperature. The sol-gel phase transition of methylcellulose occurs between 40 and 50°C, whereas that of hydroxypropyl methylcellulose occurs between 75 and 90°C (Sarkar, 1979; Kim J. K. et al., 2012).

Several mechanisms of thermo-reversible gelation of methylcellulose have been proposed (Figure 5), including: (1) Crosslinking loci formed by crystalline structures of trimethyl glucose create a gel network that has hydrogen bonds, hydrophobic interactions and dipolar interactions which support it (Kato et al., 1978); (2) At low temperatures, hydrophobic clustering occurs, resulting in unsubstituted chains aggregating and forming bundles, which then open at moderate temperatures, exposing the methyl groups to the aqueous solution thereby resulting in an increase in the volume of the solution. At high temperatures, hydrophobically crosslinked networks that are highly stable are formed as a result of loss of constituent water from the methyl side chains, depicting thermal hysteresis (Haque and Morris, 1993); (3) A cluster is formed due to the hydrophobic interactions between the methyl groups. Thereafter, at high temperatures, lattice restructuring occurs due to the imbalance between the polymer-polymer and polymer-water hydrogen bonding interactions, resulting in thermogelation induced by a phase-separation (Kobayashi et al., 1999; Bodvik et al., 2010); (4) Polymer chains aggregate and orient themselves parallel to each other, thereby reducing the interactions between water molecules and the hydrophobic groups, forming fibrillar structures (Jain et al., 2013).


[image: image]

FIGURE 5. (A) Schematic illustrating the thermogelation of methylcellulose, as adapted from Wang et al. (2019). Reproduced with permission from John Wiley and sons. (B) Chemical structure of methylcellulose.


Recently, a group of researchers investigated the crosslinking kinetics of varying concentrations of methylcellulose in terms of heat exchange (Figure 6), onset temperatures (Figure 7) and reaction rates (Figure 8). It was found that methylcellulose displayed endothermic behavior during heating, with an exothermic effect preceding this in concentrations of methylcellulose below 2%. Furthermore, it was seen that exothermic heat was strongly dependent on the concentration of methylcellulose below 1%, and weakly dependent on the concentration methylcellulose above 1%. This phenomenon explained as follows: (1) At ambient temperature, hydrophilic interactions among the water molecules themselves and the between water molecules and methylcellulose are dominant. (2) There is a release of heat accompanied by the formation of methoxy groups and “water cages,” with water molecules surrounding the hydrophobic areas of methylcellulose in an orderly manner. (3) Intramolecular interactions occur between the polymer chains. (4) Upon heating the system, energy is consumed resulting in the release of methoxy groups and weakening of the “water cages.” This is known as the low temperature endothermic effect. (5) Intra- and intermolecular hydrophobic interactions result in the crosslinking of the methoxy group within the methylcellulose chains. This is known as the high temperature endothermic effect. In addition, at lower concentrations of methylcellulose, the destruction of the water cages (low temperature endothermic effect) occurred at a slower rate. In contrast, the rate of formation of the water cages increased as the concentration of methylcellulose increased. Lastly, the rate of crosslinking decreased with higher concentrations of methylcellulose (Niemczyk-Soczynska et al., 2019).
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FIGURE 6. The absolute value of the heat exchanged upon heating during the exothermic, the low-temperature (endo 1) and the high-temperature (endo 2) endothermic effects versus the MC content. Reproduced with permission from Niemczyk-Soczynska et al. (2019). Copyright 2019 Polymers.
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FIGURE 7. Phase diagram for various concentrations of MC constructed using the onset temperature. Reproduced with permission from Niemczyk-Soczynska et al. (2019). Copyright 2019 Polymers.
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FIGURE 8. The rates, k, of water cages formation (exo), their destruction (endo 1), and of crosslinking (endo 2), as a function of – (A) the MC content and (B) the temperature, Tonset. Reproduced with permission from Niemczyk-Soczynska et al. (2019). Copyright 2019 Polymers.


Due to the high gelation temperature of cellulose based thermogels, hybridization of these polymers has been employed to formulate thermogels with gelation temperatures that are compatible with physiological body temperature. Nowald et al. (2016) developed a thermogel for wound healing applications by the addition of methylcellulose as a mechanical adjuvant to mucin. To combat this problem and induce gelation at a temperature of 37°C, glycerol was used. It was also shown that the higher the molecular weight of the methylcellulose used, the longer the gelation time, with a gelation time of approximately an hour for an 80 kDa methylcellulose gel compared to gelation within a mere few minutes when a 17 kDa methylcellulose was used. The only shortfall when using a 17 kDa methylcellulose, however, was the reduction in the stiffness and overall strength of the gel. To combat this problem, the concentration of methylcellulose that was used was increased simultaneously, yielding positive results. Furthermore, the substitution of NaCl with a kosmotropic ion KCl in an effort to speed up the gelation process in this study did not show any effect on the gelation kinetics of the gel (Nowald et al., 2016). Promising results in reducing the gelation temperature while simultaneously speeding up the gelation process were shown in another study, however, where xylitol was used in addition to sodium phosphate dibasic to reduce the gelation temperature of a methylcellulose based thermogel to 32°C, below the physiological body temperature, to facilitate the delivery of placental mesenchymal stem cells (PMSC) at lower body temperatures for the treatment of ischemia within limbs. The addition of polyethylene glycol to this system resulted in an increase the speed of gelation from 20 min, to a mere 150 s. It is worth noting that the sodium phosphate dibasic and xylitol worked synergistically to reduce the gelation temperature to 32°C, as when the sodium phosphate dibasic was used alone, the gelation temperature was only reduced to 36°C, and when the xylitol was used in isolation, a gelation temperature of 40°C was noted. The successful delivery of this thermogel together with the stem cells further showed potential in the promotion of vascular repair, by inhibiting fibrosis and muscular atrophy, promoting blood flow and stimulating angiogenesis. (Wang et al., 2019). Interestingly, synergistic behavior in the reduction of the thermo-gelling temperature of methylcellulose was also depicted with the incorporation of a biologically active molecule, gallic acid, together with a salt. Both gallic acid and sodium chloride were found to lower the gelation temperature of methylcellulose, however, when each was added to the methylcellulose in isolation, the gelation temperature was still above that of the physiological body temperature. When both gallic acid and sodium chloride were then combined simultaneously with methylcellulose in a ratio of 0.3:4:1, a gelation temperature of 36.7°C was achieved. Sustained release of drug together with the gallic acid was seen in the in vitro release studies (Sangfai et al., 2017).

The effects of the incorporation of different salts into methylcellulose-based thermogels on gel stability, transition temperature and the preparation process of thermogels was investigated in detail by Altomare et al. (2016). Gels containing higher concentrations of methylcellulose had a greater viscosity and a corresponding higher G’ value, and therefore a slower flow rate. An increase in the respective salt concentration within the thermogel for a constant concentration of methylcellulose resulted in an increase in G’, and a shift in the gelation temperature to lower temperatures, below 37°C. Different gelation temperatures were achieved depending on the salt added, for the same concentration of methylcellulose. When sodium sulfate and phosphate buffer saline were incorporated as salts respectively, a gelation temperature of 20°C was achieved. In contrast, when calcium chloride was added, a gelation temperature of 37°C was achieved. Furthermore, the critical salt concentration to achieve a gelation temperature of 37°C differed for each salt, due to the differences in the ionic interactions between the respective salts and methylcellulose. Overall, the thermogel containing 0.05M sodium sulfate and 8%w/v methylcellulose displayed the best results, with a transition temperature of 37°C, good stability and the best handling in terms of in vitro cell tests. This study showed potential for application of these gels in terms of cell sheet bio-fabrication and cell seeding (Altomare et al., 2016).

In theory, to decrease the gelation temperature of a methylcellulose-based thermogel, the concentration of methylcellulose can be increased, however, this results in an increase in viscosity such that the gel becomes difficult to handle, as well as a change in the kinetics of the formulation, as discussed above. Alternatively, a salt could be added to the gel to lower the gelation temperature, however, studies have shown a consequent decrease in the strength of such gels when in an aqueous solution or in a cell culture environment. To circumvent these issues and formulate a methylcellulose gel capable of thermogelation at physiological body temperature, Gaihre et al. (2019) recently blended calcium chloride and alginate with methylcellulose, resulting in the formation of a crosslinked, strong gel within 10 min at 37°C. The resulting formulation served as an injectable medium for the delivery of chitosan microparticles. Furthermore, faster gelation was observed upon the addition of the chitosan microparticles due to the absorption of water from the solution by the microparticles, thereby increasing the viscosity of the solution, as was evidenced by the swelling of the microparticles when added into the solution (Gaihre et al., 2019).

Many strategies have been proposed for the reduction of the gelation temperature of methylcellulose, each with their own setbacks, from the addition of salts, to merely increasing the concentration of methylcellulose within the gel. However, most recently, hybridization of methylcellulose to decrease the gelation temperature has shown promising results in terms of creating formulations that are capable of in situ gelation, making it an attractive prospect in biomedical applications. With further research, more successful hybrid combinations could be found.



PCL-PEG Based Thermogels

Poly(caprolactone) is a hydrophobic, biodegradable and biocompatible polymer that has been combined with the hydrophilic poly(ethylene glycol) in the formation of di- and triblock copolymers such as PEG-PCL-PEG and PCL-PEG-PCL(Bae et al., 2005). These crystalline polymers can be lyophilized and reconstituted into thermogels within minutes (Shah et al., 2018). The mechanism of PCL-PEG thermo-gelation has been described as follows: (1) at lower temperatures, a fully sol state is present, with the freely flowing micelles in the solution still small in size, (2) as the temperature is increased slightly, so too do the micelles increases in size, and this state is known as the favorably sol state, (3) as the temperature reaches the sol-gel transition temperature and the concentration is above CGC, we enter the favorably gel state, where micelles increases in size rapidly, (4) lastly, a dense gel is formed, as the micelles aggregate and pack closely together (Wei et al., 2009). The structure and mechanism of thermogelation of PEG-PCL based thermogels can be seen in Figure 9 in the case below. Hybridization of PEG-PCL based thermogels has been employed resulting in innovative in situ gel forming systems with improved mechanical strength, solubility, and release profiles, as discussed below.
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FIGURE 9. Thermogelling polyurethane copolymer for protein delivery. (A) Schematic of polyurethane copolymer composition based on function. (B) Protein drug is mixed with polyurethane copolymer. Upon heating, the multiblock copolymer is able to generate crosslinks and form a hydrogel under mild conditions to encapsulate protein drug. Reproduced with permission from Royal Society of Chemistry, Xue et al. (2019).


To improve the gel strength optimize the release profile of paclitaxel in the treatment of tumors, Loh et al. (2012) employed hybridization in the development of a poly(PEG-PPG-PCL-urethane) thermo-gelling system (Figure 9). The resulting solution formed a gel at physiological body temperature with an elastic modulus of 500 Pa and was able to withstand forces of up to 30 Pa. The CGC of the system was 3% wt. Drug release studies showed almost perfect zero order kinetics with the commonly seen “initial burst release” suppressed. Thus, this system proved to be ideal for the release of a consistent concentration of drug and it mitigated the danger of side effects that are often seen when chemotherapeutic drugs display an initial burst release, thereby resulting in concentrations of the chemotherapeutic agent rising above the maximum safe concentrations. In addition, when compared to a pluronic F127 gel in the study, the poly(PEG-PPG-PCL-urethane) thermogel showed more favorable results in terms of in vitro stability of the gel (Loh et al., 2012). This same group of researchers further employed their poly(PEG-PPG-PCL-urethane) thermogel in the delivery of anti-VEGFs to inhibit angiogenesis, mitigating the need for multiple injections. The release rate was now optimized by altering the hydrophile/lipophile balance, and a PEG:PPG ratio of 4:1 showed the best release profile for this application. The anti-VEGFs showed activity for up to 40 days, with anti-angiogenic effects depicted both ex vivo and in vivo. This study is a steppingstone for the development and use of thermogels in the delivery of bioactive protein molecules (Xue et al., 2019). In another study, gel strength drug release profiles were improved by combining PEG-PCL-PEG, pluronic F127, and poly propylene fumarate (PPF) in a ratio of 4:1:1 in the formulation of an innovative successful pseudo-bone thermogel. The resulting semi-elastic gel showed controlled, sustained release of the incorporated drug at physiological temperature over the entire 14-day period, compared with a shorter duration of drug release up till day 10 when at ambient room temperature. In addition, a viscous modulus of 0.1–0.3 Pa at temperatures between 10 and 20°C was noted, with an increase in gel strength by 45,000 times when physiological body temperature was reached (Kondiah et al., 2017).

The solubility and temperature responsiveness of PEG-PCL based thermogels was improved via the synthesis of a mPEG-b-[PCL-g-(MEO2MA-co-OEGMA)]-b-mPEG block-graft copolymer by Shang et al. (2019). Results showed that due to the hydrogen bonds formed between water molecules and the oligo (ethylene glycol) graft chain that is hydrophilic, the synthesized copolymer showed better solubility in water and formed a clear solution, compared to just PEG-PCL-PEG, which displayed a cloudy solution in water. In addition, the improvement in the thermo-responsiveness of the copolymer was attributed to the OEGMA and MEO2MA molecules, and the formulation showed a gelation temperature of 30°C (Shang et al., 2019).

Lastly, hybridization of PEG-PCL resulted in the formulation of an ideal penta-block PNIPAAm-PCL-PEG-PCL-PNIPAAm thermogel for application in wound healing. The formulation was able to gel at 37°C with a structure that was three dimensional and consisted of interconnected pores, similar to that of the extracellular matrix. Optimal results in terms of skin tissue engineering were achieved when a 20% formulation was used, with a thermogel pore size ideal for fibroblast attachment, and improved cell adhesion and cell proliferation indicating good biocompatibility. The formulation degraded gradually after 4 weeks and shows potential as an injectable dosage form for the sustained delivery of drugs, as well as in wound healing applications (Oroojalian et al., 2019). A comprehensive summary of the hybrid systems discussed within this article can be found in Table 1.


TABLE 1. Summary of hybrid thermo-gelling systems.

[image: Table 1]



FUTURE PROSPECTS AND CONCLUSION

In situ thermo-gelling systems may potentially replace conventional methods of treatment for diseases where sustained release of drugs, genes, proteins or other molecules are needed. These include chronic conditions which require constant amounts of drug over a long period of time, such as diabetes, cancer treatment and ocular conditions such as glaucoma, to name a few. Thermogels also show great potential for wound healing applications, due to their ability to adequately fill the irregularly shaped wound area, their ease of application and their biodegradability. There is great potential for the creation of tailor-made drug delivery systems by hybridization of thermo-responsive polymers with other compounds that either may or may not possess thermo-gelling ability but enhance the physico-mechanical properties and in vitro performance of thermo-gelling systems. Generally, natural polymers have the ability to mimic the human extra-cellular-matrix and provide good cell attachment but lack in mechanical strength, whereas synthetic polymers are often sought after due to their mechanical properties, but lack in their biocompatibility compared to natural polymers as well as in the ability to mimic the ECM. Therefore, hybridization of natural polymers with synthetic ones is a common trend that has been exploited by researchers. The creation of new thermo-gelling co-polymers via the hybridization process is an exciting prospect. However, further research in this field is needed to fully understand the thermo-gelling mechanisms and in vivo behavior of these systems to enable us to hybridize these polymers in a manner that will satisfy our dosage form and therapeutic requirements. Therefore, commercialization of thermo-gelling systems may still take a while. The inception of layer by layer dually or multi stimuli responsive polymer systems via the hybridization of polymers that are responsive to different stimuli will undoubtedly pave the way for the development of innovative hybrid polymer systems for a broad spectrum of applications, making it an intriguing prospect for future research. In addition, while the polymers reviewed within this article largely display LCST behavior, further research into polymers that display UCST and consequently the hybridization and exploitation of these polymers is needed. Lastly, while the scope of this article entailed thermo-responsive polymers and their applications in the biomedical field, many other stimuli responsive polymers exist, with a plethora of applications that have proven to be beneficial in a variety of other fields such as environmental remediation, oil adsorption, marine and textile applications to name a few (Li et al., 2018; Wang et al., 2018; Chatterjee and Chi-leung Hui, 2019; Tian et al., 2019; Gu et al., 2020).
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