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Abstract

:

Various strategies have been applied to reduce the initial burst of drug release and sustain release from poloxamer-based thermoresponsive gels. This work focussed on investigating different formulation approaches to minimise the initial burst of release and sustain the release of the small hydrophilic drug bupivacaine hydrochloride from poloxamer-based thermoresponsive gels. Various in situ gel formulations were prepared by varying the polypropylene oxide (PPO)/polyethylene oxide (PEO) ratio and by adding additives previously described in the literature. It was observed that increasing the PPO/PEO ratio from 0.28 to 0.30 reduced the initial burst release from 17.3% ± 1.8 to 9.1% ± 1.2 during the first six hours and extended the release profile from 10 to 14 days. Notably, the inclusion of sodium chloride (NaCl 0.4% w/w) further reduced the initial burst release to 1.8% ± 1.1 over the first 6 h. Meanwhile, physical blending with additive polymers had a negligible effect on the burst release and overall release profile. The findings suggest that extended release of bupivacaine hydrochloride, with reduced initial burst release, can be achieved simply by increasing the PPO/PEO ratio and the inclusion of NaCl.
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1. Introduction


Poloxamers are Food and Drug Administration (FDA)-approved triblock copolymers, composed of a central hydrophobic block of polypropylene oxide (PPO) and two hydrophilic terminals of polyethylene oxide (PEO) [1,2]. They are increasingly used in drug delivery, due to their favourable properties and versatility. Their concentrated solutions are liquids at ambient temperature, allowing parenteral administration, whereas they form a biocompatible and bioerodible gel at physiological temperatures [3,4]. In addition, attributed to their amphiphilic properties, they can deliver both hydrophilic and hydrophobic drugs [1]. In this manuscript, we explore approaches to alter drug release behaviour from poloxamers in order to support formulations, to be tuned to fit a range of applications.



The use of poloxamers as sustained delivery platforms is challenged by their rapid erosion and high rates of drug diffusion. This is attributed to their poor mechanical properties and continuous interconnected aqueous channels within the gel matrix, causing a rapid release of the loaded drug [1,5,6,7]. In addition, many of the described poloxamer-based gels exhibit an initial burst release of the loaded drug [8,9,10,11], attributed to the lag time between administration and phase transition. These attributes raise concerns around the safety and efficacy of poloxamer-based thermoresponsive gel systems for drug delivery [12].



Many studies report that blending of additive polymers, such as alginates [13,14], cellulose derivatives [15,16], and chitosan [17,18], with poloxamers extends the release profile of the loaded drug. These findings can be explained by the enhanced mechanical and rheological properties of poloxamer-based in situ gels, which have been widely reported with the addition of the above-mentioned polymers. However, there are contradictory reports of carboxymethyl cellulose sodium (4% w/w) leading to an increase in the rate of drug release [19]. Meanwhile, blending of hydroxyethyl cellulose (2% w/w), hydroxypropyl methylcellulose (0.5% w/w), and polyethylene glycol 400 (5% w/w) into poloxamers did not alter the release profile of loaded drugs [14,20,21].



Similarly, the influence of sodium chloride (NaCl) on drug release from poloxamer gels is debatable. While it has been widely demonstrated that the inclusion of NaCl significantly enhances the gel mechanical and rheological properties [1], its effect on drug release is not fully understood. It has been reported that NaCl (1% w/w) increased the percentage of meloxicam (MW = 341.5, practically water insoluble) released over six hours from 75% to 80% [21]. The authors explained that NaCl diffuses quickly into the release medium owing to its high aqueous solubility, leading to the formation of a highly porous matrix. On the other hand, it has been reported that NaCl (1% w/w) reduced the percentage of nimesulide (MW = 308, sparingly water soluble) released in 7 h from 90% to 70% [14]. Likewise, NaCl (2% w/w) reduced the diffusion coefficient of atrial natriuretic factor (a natriuretic peptide hormone, MW = 1225.4) from poloxamer 407 at 37 °C [22]. This reduction in diffusion coefficient is thought to be due to the associated increase in gel rheological properties. On the other hand, the inclusion of NaCl (0.8% w/w) did not alter the release of diclofenac sodium (MW = 318.1, poorly water soluble) from a thermoresponsive gel system prepared using different poloxamers [23].



The release of drugs from poloxamer thermoresponsive gels is significantly affected by the hydrophobicity/hydrophilicity (PPO/PEO) balance of the gel matrix. It has been widely demonstrated that increasing the hydrophobic content enhances micellar dehydration and entanglement. This in turn produces less porous and stronger gels, retarding the release of the loaded drug [1]. On the contrary, it has been demonstrated that reducing the PPO/PEO ratio via blending the more hydrophilic poloxamer (P188) relative to the more hydrophobic poloxamer (P407) increases the release of loaded drugs: meloxicam, diclofenac sodium, and nonoxynol-9 [21,23,24]. However, in these studies, the total poloxamer concentration was not considered, which is known to influence drug release rates.



The selection of a suitable formulation strategy to achieve an extended-release profile also requires critical consideration of the intended application. For example, the viscosity of poloxamer-based thermoresponsive gels for parenteral administration must be considered. Blending of additive polymers can significantly increase the viscosity of poloxamer thermoresponsive gels, causing difficulty in the syringeability/injectability of the developed formulation [25]. In addition, too high PPO/PEO ratio or inclusion of NaCl can alter the phase transition, rendering the formulations unsuitable for the intended application [23,26].



This work aimed to investigate commonly used formulation strategies, namely physical blending with additive polymers or NaCl and altering PPO/PEO ratio, to achieve extended-release profiles from poloxamer-based thermoresponsive gels. Bupivacaine hydrochloride (BH, Figure 1B) was chosen as a model drug in this study. BH is a long-acting local anaesthetic agent, commonly used in postoperative pain management [27]. It has a molecular weight of 342.9 with an aqueous solubility (40–50 mg/mL) in the pH range of 1–6 and exhibits lower solubility (26 mg/mL) in phosphate-buffered saline (pH 7.4) [28]. The study aimed to compare the effect of the above-mentioned formulation strategies, to provide researchers with recommendations on the choice of a formulation approach to tailor drug release from poloxamer-based in situ gelling systems.




2. Materials and Methods


2.1. Materials


Bupivacaine hydrochloride monohydrate (BH) was purchased from Jai Radhe Sales (Gujarat, India). Poloxamer 407 (P407), poloxamer 188 (P188), and phosphate-buffered saline (PBS) tablets were sourced from Sigma-Aldrich (St. Louis, MO, USA). Sodium chloride, sodium alginate (medium viscosity), and methylcellulose (454.5 g/mol) were sourced from Sigma-Aldrich (Gillingham, UK). Chitosan (medium molecular weight) was purchased from Sigma-Aldrich (Iceland), and carboxymethylcellulose (263.2 g/mol) was purchased from VWR International Ltd., (Poole, UK). Water was obtained from a Milli-Q water purification system (Millipore, Darmstadt, Germany) with an 18 MΩ.cm resistivity. All other solvents and reagents used were of analytical grade.




2.2. Preparation and Optimisation of Thermoresponsive Gel Formulations


Thermoresponsive gels were prepared by the cold method [10]. Table 1 gives the details of all the formulations trialled. Briefly, specified weights of P407 and P188 were dissolved in Milli-Q water at 4 °C, by stirring overnight. Various concentrations of P407 (namely, 19, 21, 23, 25, and 27% w/w) were mixed with a constant P188 concentration (5.5% w/w), and the developed formulations were screened for their sol-to-gel transition temperatures using a tube inversion method [11]. The formulation with the highest PPO/PEO ratio (0.3:1) containing 23% w/w P407 and 5.5% w/w P188, which maintained its liquid status at room temperature, was chosen as the base formulation in this project. To demonstrate the influence of the PPO/PEO ratio, a formulation with the same total poloxamer concentration and different PPO/PEO ratio, as compared to the base formulation, was prepared (20% w/w P407 and 8.5% w/w P188). To study the effect of additives, the base formulation was blended with varied concentrations of selected additives: sodium alginate (0.5, 0.75, and 1% w/w), methylcellulose (0.35 and 0.75% w/w), carboxymethylcellulose (0.35, 0.5, and 0.75% w/w), chitosan (0.4, 0.5, and 0.65% w/w), and sodium chloride (0.4, 0.6, and 0.9% w/w). Formulations with suitable sol-to-gel transition temperatures (25–37 °C), were loaded with BH (1% w/w) and underwent further characterisation.



The tube inversion method was employed to identify the sol-to-gel transition temperature [11]. Briefly, 1.5 mL of each formulation was transferred into a 2 mL Eppendorf tube and left for 5 min at room temperature for equilibration. The tubes were then transferred to a thermomixer (Eppendorf, Hamburg, Germany), previously equilibrated at 20 °C, and subjected to a temperature increment of 1 °C each 2 min. The sample was considered gelled if 90° movement of the Eppendorf tube resulted in no movement of the meniscus [11].



The sol-to-gel transition time was determined by transferring 1.5 mL of formulation into a 2 mL Eppendorf tube and immediately placed in a thermomixer previously set at 37 °C. The time required to achieve sol-to-gel transition was recorded. All experiments were conducted in triplicate.




2.3. Fourier Transform Infra-Red Spectroscopy (FTIR)


FTIR analysis was performed to study the intermolecular interactions between poloxamers and BH, and poloxamers and additives. Briefly, FTIR spectra were obtained for the freeze-dried powders of the blank base formulation (F1), BH, their 10:1 (w/w) mixture, and selected blank formulations with additives, namely, F1NaCl, F1CH, F1MC, F1CMC, and F1SA. All FTIR measurements were conducted in attenuated total reflectance (ATR) mode, using a Bruker Tensor 37 FTIR spectrophotometer (Bruker Tensor 37, Ettlingen, Germany). Samples were scanned over the range of 400–4000 cm−1 wavenumbers with a spectral resolution of 1 cm−1 and 64 scans per sample. The spectral data were analysed using Bruker OPUS software version 8.5 (SP1) (Bruker Optics GmbH, Ettlingen, Germany).




2.4. Mechanical Properties


2.4.1. Gel Strength


A texture analyser (TA.XT Stable Microsystems, Surrey, UK) was employed to study the gel strength of the developed gel formulations [29]. Briefly, a 20 mL cylindrical glass vial (25 mm internal diameter) containing the respective gel formulation (15 mL) was incubated at 37 °C using a temperature-controlled Peltier cabinet for 20 min to ensure complete gel formation. Following the formation of a gel, a 10 mm diameter Delrin cylinder probe was allowed to penetrate the gel to a depth of 5 mm, at a trigger force of 5.0 g, and at a speed of 1 mm/s. A typical force–time curve was used to determine the gel strength and hardness of the respective formulations by using the Exponent 32 software version 6 (TA.XT Stable Microsystems, Surrey, UK) [30]. All experiments were carried out in triplicate.




2.4.2. Injectability


A texture analyser equipped with a universal syringe rig attachment (A/USR, Stable Microsystems, Surrey, UK) was used to study the injectability of the gel formulations. The method was adopted from Shavandi et al., with slight modifications [31]. A 3 mL syringe (18-gauge needle) was filled with the formulation and attached to the universal syringe rig. The texture analyser probe was then used to push the syringe plunger to a distance of 20 mm at a speed of 5 mm/s. The injectability was then determined by measuring the maximum force and the total work required to expel the formulation out of the syringe through the 18-gauge needle [29,32].





2.5. Rheological Properties


An advanced rheometer (AR-G2, TA instruments, Melbourne, Australia) was used to study the rheological behaviour of the developed formulations at two temperatures: 20 °C and 37 °C. All experiments were carried out using a stainless-steel parallel plate geometry (40 mm) and a temperature-controlled Peltier plate, in triplicate.



2.5.1. Frequency Sweep


First, the linear viscoelastic region of the gel formulations was identified by carrying out a strain-sweep analysis at 37 °C ± 0.1 over a wide range of strain amplitude (0.01 to 100%) and at fixed angular frequencies (0.1, 10, and 100 rad/s). Then, the viscoelastic behaviour of the gel was studied by performing an oscillation sweep at 37 °C ± 0.1 over an angular frequency range of 0.1 to 100 rad/s at a constant and low strain amplitude (0.02 Pa). The changes in storage and loss moduli were determined as a function of angular frequency [33].




2.5.2. Flow Sweep


The flow properties of the formulations were studied at 20 °C. The change in formulation viscosity as a function of shear rate over the range of 2–200 s−1 was monitored.





2.6. Development and Validation of an Analytical Method for the Determination of BH


A reverse-phase high-performance liquid chromatography (RP-HPLC) method was developed and validated as per International Conference for Harmonization (ICH) guidelines [34] for linearity, range, accuracy, specificity, precision, the limit of quantification (LOQ), and limit of detection (LOD).




2.7. In Vitro Drug Release Studies


In vitro BH release studies were performed under sink conditions using PBS (pH 7.4) [10]. PBS (prewarmed to 37 °C, 4 mL) was placed in a flat bottom Falcon tube, to which a known amount of formulation (1 g) was injected, which immediately formed gel. Sink conditions were determined based on saturation solubility study results conducted in the laboratory. BH concentration never exceeded 1 mg/mL, which is lower than 5% of the saturation solubility (26 mg/mL) at any time. The tubes were then placed on a rocking shaker (adjusted at 10 rpm), placed inside an incubator maintained at 37 °C. At specified time points, aliquots (50 µL) were withdrawn and replaced by an equal volume of fresh prewarmed PBS. The aliquots were appropriately diluted, filtered through 20 µm syringe filters, and the BH concentration was determined using the developed HPLC analytical method. Curves of the cumulative percentage of drug release against time were constructed, and the similarity factor (f2) was determined among the obtained release profiles.




2.8. Mathematical Modelling of the Release Profiles


To determine the mechanism of drug release from the developed thermoresponsive gels, kinetic release models, zero order, first order, Higuchi, and Hixson–Crowell, were applied to in vitro drug release data [8,21], and the best fit was determined.




2.9. Statistical Analysis of Data


All results are represented as mean ± standard deviation (SD), where n = 3. The statistical differences were determined by performing either a t-test or one-way analysis of variance (one-way ANOVA), with multiple comparisons to F1, whichever was applicable. The significance of the difference was calculated using the software GraphPad Prism 8.2.1 (GraphPad Software Inc., San Diego, CA, USA) at a 95% confidence level (p ≤ 0.05 indicated statistical significance), unless specified.





3. Results and Discussion


3.1. Formulation Preparation and Optimisation for Sol-To-Gel Transition Temperature


After screening a wide range of formulations (Table 1), the sol-to-gel transition temperature and time of selected formulations (sol-to-gel transitions between 25 and 37 °C) are reported in Table 2, with and without drug loaded. The desired temperature range (25–37 °C) was selected to support formulation administration through a needle, whereupon it would gel at physiological temperature, with the potential to sustain drug release [1]. Formulation F1 was selected as the base formulation, as it is the formulation with the highest PPO/PEO ratio (0.30), which showed sol-to-gel transition within the desired temperature range.



Formulation F2 was prepared to exclusively study the effect of the PPO/PEO ratio on the gel characteristics, and the total poloxamer concentration was kept consistent with the base formulation F1. As shown, reducing the PPO/PEO ratio from 0.30 to 0.28 significantly (p < 0.0001) increased the sol-to-gel transition temperature and time. This is attributed to the abundant hydrogen bonds between the relatively hydrophilic PEO blocks and water, increasing the energy required to break down the hydrogen bonds between PEO blocks and water and, therefore, increasing the sol-to-gel transition temperature [23,29,35,36].



When selected additives (polymers and salt) were blended with the base formulation (F1) at various concentrations, the sol-to-gel transition temperature was reduced (Table 1) as a function of their concentration [13]. This can be attributed to the hydrogen bonding and physical entanglement with poloxamers facilitating the transition to a 3D network [13,37,38,39,40]. Likewise, the inclusion of NaCl, in formulation F1NaCl, significantly (p < 0.0001) reduced both the sol-to-gel transition temperature and time as a function of its concentration. This is attributed to the salting-out effect of NaCl, reducing the number of water molecules available for poloxamers and therefore enhancing the hydrophobic interactions among poloxamer chains. This, in turn, reduces the energy required to dehydrate poloxamers, facilitating the sol-to-gel transition at a lower temperature. In addition, NaCl–poloxamer crosslinking facilitates the physical entanglement between micelles, easing the phase transition and causing a reduction in the sol-to-gel transition temperature [23,41,42,43].



Interestingly, BH loading increased the transition temperature of all formulations by almost 1 °C (Table 2), implying a potential BH–poloxamer interaction [44]. The pH of BH-loaded base formulation (F1) was 6.22, which is ≥2 lower than pKa of BH (pKa = 8.15 [28]), suggesting the presence of its ionised form in solution, with potential interaction with the hydrated micellar corona [40,44,45]. The BH–poloxamer interaction was further confirmed from the FTIR results discussed in Section 3.2 below.



The time required to achieve sol-to-gel transition is crucial to predict the in vivo performance. Formulations that exhibit slow phase transition are likely to demonstrate high initial burst release due to the long lag time between administration and transit to a gel form [11]. As presented in Table 1 and Table 2, reducing the PPO/PEO ratio from 0.30 (F1) to 0.28 (F2) significantly (p < 0.0001) increased the time required for phase transition from 90 to 180 s. The blending of additive polymers slightly altered the sol-to-gel transition time. On the contrary, the inclusion of NaCl significantly (p < 0.0001) reduced the sol-to-gel transition time, as NaCl enhances the hydrophobic interactions among poloxamer chains, facilitating the fast transition to a 3D gel network.




3.2. Fourier Transform Infra-Red (FTIR) Spectroscopy


FTIR analysis was performed to study the intermolecular interaction between various components of the gel matrix. As presented in Figure 2, the inclusion of additive polymers into poloxamers triggered mild intermolecular interactions, which agrees with the literature [13,37,38,39,40]. The blending of sodium alginate into poloxamer solution caused the shifting of the hydroxyl O-H (2968.3 cm−1) and the ether C-O-C (1099.7 cm−1) stretching of poloxamers to 2962.5 and 1093.6 cm−1, respectively. This could be attributed to the hydrogen bonding between the carboxylic and ether groups of sodium alginate with the ether and hydroxyl groups of poloxamers [37,40]. Likewise, the blending of methylcellulose, carboxymethylcellulose, and chitosan into poloxamer solutions induced shifting of its O-H stretching to 1103.3, 1105.1, and 1101.3 cm−1, respectively, attributed to the hydrogen bonding between additives (hydroxyl group of chitosan and methylcellulose and carboxylic group of the carboxymethylcellulose) and the ether groups on poloxamers. The hydrogen bonding between the additives and poloxamers has been reported to facilitate the physical entanglement and transition into a 3D structure, causing a reduction in the sol-to-gel transition temperature and enhancing the mechanical properties of the formed gels [13,37,38,39,40]. The blending of NaCl with poloxamer solution caused a shifting of its ethereal oxygen transmittance (C-O-C) from 1099.3 to 1103.2 cm−1, and C-H alkane from 1359.7 to 1348.1 cm−1, suggesting ionic crosslinking of sodium cation with the electronegative oxygen of poloxamer [46].



Likewise, the mixing of BH with poloxamers caused a shifting of its characteristic peaks compared to the spectrum of BH alone; N-H stretching shifted from 3240.7 to 3243.7 cm−1 and C-N (2nd amine) stretching shifted from 1562.2 to 1560.3 cm−1. Likewise, the spectrum of poloxamers showed a shift of the ether (C-O-C) absorption frequency from 1099.7 to 1101.3 cm−1. This might suggest a hydrogen bonding between secondary amine (NH) of BH (serves as a proton donor) and the electronegative ethereal oxygen of poloxamers [10]. The vibrational stretching of the amide carbonyl group changed from a doublet band (1687.8 and 1655.2 cm−1) to a triplet band (1687.3, 1672.7, and 1655.3 cm−1), suggesting the presence of hydrogen-bonded and non-bonded carbonyl groups within the lattice [47]. Of note, the chemical interaction between poloxamers and the loaded drug is postulated to reduce its diffusion from the gel matrix and extend its release profile [1,48].




3.3. Mechanical Properties


3.3.1. Gel Hardness and Strength


The mechanical properties of the selected formulations are shown in Table 3. As presented, F2 demonstrated significantly lower mechanical properties compared to F1, attributed to its lower PPO/PEO ratio. Decreasing the PPO/PEO ratio reduces the hydrophobic interactions between poloxamer chains and maintains higher water content attributed to the relatively hydrophilic nature of the matrix, and therefore causes a reduction in its mechanical properties. On the contrary, blending of additive polymers significantly (p < 0.05) increased the gel mechanical properties compared to the base formulation F1, which could be explained by the chemical interaction between additives and poloxamers, as demonstrated by the FTIR analysis. In addition, physical entanglement between polymeric additives and poloxamers is reported to promote the gel’s mechanical properties [13,37,38,39,40]. Interestingly, F1NaCl demonstrated the highest gel strength and hardness, which could be attributed to its salting-out effect and NaCl–poloxamer interactions, as demonstrated by our FTIR findings [43]. It has been previously reported that NaCl (1% w/w) triggered a 60-fold increase in gel strength of poloxamer-based gel (15% w/w P407: 15% w/w P188) [43]. Our findings, with data not presented here, indicated that NaCl increases the gel mechanical properties as a function of its concentration (gel strength recorded as 258.8, 238.7.1, 207.0, and 124.8 at NaCl concentrations of 0.9, 0.6, 0.4, and 0% w/w), which is in agreement with the literature [42].



The gel strength and hardness might play a crucial role in defining the release profile and predicting the in vivo performance of poloxamer-based thermoresponsive gels, wherever the formulation is subject to mechanical stress such as intraarticular administration [21,49]. Formulations with low mechanical properties are likely to disintegrate rapidly, causing fast drug release and triggering toxicity issues. In comparison, formulations that exhibit adequate mechanical strength to resist deformation are likely to maintain their integrity for a longer time, offering the possibility of achieving a sustained drug release [1].




3.3.2. Injectability


Table 3 shows the total work and maximum force required for injectability. In agreement with gel strength findings, the work required for F2 injectability was significantly (p < 0.001) smaller than F1, suggesting its easier parenteral administration attributed to its lower viscosity (see Section 3.4.1). Except for chitosan, all the additive polymers significantly promoted the work required for injection (p < 0.005), which is explained by the increased viscosity due to physical tangling and hydrogen bonding between poloxamers and the additives [13,37,38,39,40]. Interestingly, NaCl slightly, yet not significantly, increased the injectability force/work as compared to F1.



Injectability is a key parameter in evaluating injectable formulations, and it refers to the force/work required to expel the formulation out of a needle through a syringe [50]. It is an important parameter for characterising injectable formulations as per the FDA [31]. Formulations requiring an injectability force above 3000 g may not be suitable for parenteral administration [31,51]. The results suggest that all the developed formulations are suitable for parenteral administration. However, polymeric additives render the formulations more difficult to administer.





3.4. Rheological Analysis


3.4.1. Frequency Sweep


Identifying the linear viscoelastic region of a thermoresponsive gel is essential for further rheological characterisation [52]. It was observed that all the formulations demonstrated linear viscoelasticity in the low strain amplitude range of 0.001% to 1%, followed by a sharp decrease in the storage modulus as amplitude strength was increased beyond 1%. Thus, the strain amplitude was kept below 1% in further rheological studies to ensure that the gel formulations maintain their internal structure and integrity.



The rheological behaviour was studied at 37 °C ± 0.5 and under deformation to predict the in vivo performance [9,53,54]. As presented in Figure 3A, all the formulations demonstrated dominant elastic properties compared to the viscous properties, independently of the angular frequency, indicating that all formulations existed in a solid-like gel status in test conditions. The results showed an apparent increase in the elastic modulus (G’):viscous modulus (G”) ratios with frequency rise, indicating an increase in the internal friction as a function of frequency. In agreement with the mechanical study findings, formulation F2 exhibited significantly (p < 0.001) lower elastic strength, as compared to F1, attributed to its lower PPO/PEO ratio. All the polymeric additives promoted the elastic properties of F1, which may be due to hydrogen bonding, as demonstrated in Section 3.2. In addition, the physical entanglement between poloxamers and the additive polymers might contribute to enhancing the rheological properties. Of note, F1NaCl exhibited the highest elastic strength, which could be explained by its salting-out effect, promoting the micellar dehydration, and its crosslinking with poloxamers which enhances the micellar entanglement. It is suggested that a formulation with strong elastic properties might maintain its integrity for a longer time, providing a sustained release of the encapsulated drug [54]. In contrast, a hydrogel with dominant viscous properties is likely to rapidly deform under stress, causing the fast release of the encapsulated drug, particularly where it is subject to a high applied stress such as intraarticular administration.




3.4.2. Flow Sweep Analysis


The flow behaviour was determined as it directly affects the ease of administration for an injectable formulation. As presented in Figure 3B, all formulations demonstrated near Newtonian flow, with a viscosity independent of the shear rate (R2 > 0.995 for all formulations), suggesting their suitability for parenteral administration. Formulation F2 demonstrated significantly lower viscosity compared to F1, corroborating findings of the mechanical studies. On the other hand, all additives promoted the system viscosity, which correlates with the findings of the mechanical studies, attributed to the physical entanglement and chemical crosslinking between poloxamers and additives [13,37,38,39,40].





3.5. Analytical Method Development and Validation


A satisfactory peak resolution was obtained using a Kinetex C18 ODS (250 × 4.6 mm i.d., and 5 μm particle size) and a mobile phase potassium phosphate buffer (20 mM, pH 6.15):acetonitrile:methanol (25:35:40) and flowing at 1 mL/min (Table 4). A wavelength of 210 nm was chosen for BH quantification, as it exhibited a high UV absorbance at this wavelength. Bupivacaine exhibited a linear response between absorbance and concentration (regression coefficient (R2) = 0.9997) over the range of 0.5–100 µg/mL. Accuracy was satisfactory (accuracy coefficient 98.57% ± 0.5), and peak specificity/selectivity was confirmed by the peak purity test using Agilent Openlab CDS ChemStation software version 3.3.36 (Agilent, Waldbronn, Germany). The purity factor was calculated as 999.996 compared to a purity threshold of 999.993. The method demonstrated excellent repeatability (relative standard deviations of peak area and retention time were 0.44% and 0.15%, respectively) and ruggedness (relative standard deviation of the peak area within different days = 0.73%).




3.6. In Vitro Drug Release and Kinetic Modelling Studies


The in vitro release curves are presented in Figure 4. The base formulation F1 demonstrated sustained BH release over 14 days, with an initial burst release of 9.1% ± 1.2. This relatively long release profile [11] can be attributed to its relatively high PPO/PEO ratio and concentrated matrix, hindering gel erosion and drug diffusion. The intermolecular interactions between BH and poloxamers, as demonstrated by FTIR, may have also contributed to the extended-release profile.



Formulation F2, with a reduced PPO/PEO ratio, demonstrated a significant increase in BH release rate and a burst release over the first six hours was observed to be 17.3% ± 1.8 (Figure 4D). The physical blending of additive polymers did not significantly modify the release profile, as compared to the base formulation F1. On the contrary, the inclusion of NaCl (formulation F1NaCl) significantly reduced the burst release in the first six hours to 1.8% ± 1.1 (Figure 4D). The calculated similarity factor showed the dissimilarity between the release profiles of F1 and F2 (Table 5). On the contrary, a similarity between release profiles of the additive containing formulations and the base formulation F1 was observed.



F1 and F2 had the same total concentration of poloxamers (28.5% w/w), but an altered PPO/PEO ratio. F2 (PPO/PEO = 0.28) demonstrated a significantly (p < 0.0001) faster release profile, compared to F1 (PPO/PEO = 0.30). The time required to achieve 100% cumulative BH release decreased from 14 to 10 days (Figure 4A). In addition, the burst release over the first six hours increased from 9.1% ± 1.2 to 17.3% ± 1.8 (Figure 4D), as compared to the base formulation F1. This could be attributed to its longer sol-to-gel transition time, shown in Table 2. In addition, the lower PPO/PEO ratio increases the aqueous content within the gel matrix and may facilitate the bulk gel erosion and drug diffusion to the external environment.



Though the polymeric additives significantly increased the rheological and mechanical properties of the developed gel, their influence on BH release was not statistically significant (p > 0.05) (Figure 4B). The agitation rate during release experiments was only 10 rpm, this may have limited gel erosion and prevented the differences in mechanical properties between the formulations influencing release.



The inclusion of NaCl significantly (p < 0.0005) reduced the initial burst release over the first six hours, as compared to the base formulation F1 (Figure 4C,D). This could be attributed to its effects on the sol-to-gel transition as well as its effect on lattice arrangement and system porosity. As presented in Table 2, NaCl significantly reduced the sol-to-gel transition time, reducing the lag time between injection into the release medium and gel formation. In addition, we have previously demonstrated that the inclusion of NaCl into poloxamers significantly reduced the critical micellisation temperature and facilitated the system transition from a disordered to an ordered matrix [29]. Furthermore, we demonstrated that NaCl significantly reduced the intermicellar spaces and system porosity. Of note, these findings may carry significance in clinical applications, as they allow the total dose to be increased without leading to the potential systemic toxicity of BH that could be associated with its initial burst release 1. Of note, the overall release profile from F1NaCl was similar to F1 (f2 = 69, Table 5).



These findings and the literature data ascertain that for the formulation, scientists should critically consider the in vivo conditions and the dose volume before deciding to include NaCl in poloxamers. When comparing the contradictory results of NaCl, it is obvious that there were considerable variations in the experimental conditions. Investigating the release where the formulations (1 g) were in direct contact with the release media showed an increase in meloxicam (MW = 341.5, practically water insoluble) release when NaCl was included [21]. In contrast, injecting a large formulation volume (50 g) in a semipermeable dialysis bag demonstrated a reduction in nimesulide (MW = 308, sparingly water soluble) release with the inclusion of NaCl [14]. It is likely that the formulation volume and the surrounding environment alter the integrity of the gel and, therefore, the dissolution of NaCl into the medium, leaving a porous gel matrix behind.




3.7. Mathematical Modelling


To identify the mechanisms of release of BH, mathematic kinetic models were applied to the obtained release data (Table 5). As shown, the Higuchi’s model had the best fit for all formulations except F2, indicating that BH release follows Fick’s law, with diffusion as the dominant mechanism of release [8]. Generally, the release of small hydrophilic molecules from poloxamer matrices is governed by their diffusion through the interconnected aqueous channels within the gel matrix [48,55]. On the other hand, BH release from F2 was well described by the Hixson–Crowell model, indicating a considerable contribution of the gel erosion mechanism [56]. This could be attributed to its relatively hydrophilic nature, allowing the buffer diffusion into the gel matrix and facilitating its erosion.





4. Conclusions


This study compared three different formulation strategies to minimise the initial burst release and sustain the release of bupivacaine hydrochloride from poloxamer-based thermoresponsive gels. The findings suggest that increasing the hydrophobic component of poloxamer gels is a simple and successful approach to reduce the initial burst release and sustain the release profile. Likewise, the inclusion of NaCl is effective to limit the initial burst release. Meanwhile, the physical blending of additive polymers was not effective to sustain the release of bupivacaine hydrochloride. Modifying drug release patterns from poloxamer-based gels is achievable via simple formulation strategies.
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Figure 1. Chemical structure of (A) poloxamers, where X and Y are the average numbers of repeating units of each blockchain (X is 76 and Y is 29 for poloxamer 188, while X is 100 and Y is 65 for poloxamer 407) and (B) bupivacaine hydrochloride monohydrate (BH). 
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Figure 2. FTIR spectra of (I) blank F1, (II) bupivacaine hydrochloride (BH), (III) poloxamers: BH (1:10 mixture), (IV) blank F1NaCl, (V) blank F1CH, (VI) blank F1CMC, (VII) blank F1MC, and (VIII) blank F1SA. The vertical lines and outlined text boxes are added to guide for the shifted peaks. 
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Figure 3. (A) Rheograms of the developed gel formulations at 37 °C, showing the dominant elastic properties in test conditions. (B) Change in shear stress as a function of shear rate at 20 °C, showing the Newtonian-like flow behaviour of the formulations. 
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Figure 4. (A–C) In vitro release profile of the developed thermoresponsive gel formulations over two weeks, showing the sustained BH release (n = 3). (D) Percentage of BH released over the first six hours of test formulations, ns: statistically non-significant (p > 0.05), * statistically significant (p < 0.05) using ordinary one-way ANOVA, with multiple comparisons to formulation F1. 
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Table 1. Composition and sol-to-gel transition temperature of all the formulations trialled.
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	Formulation Code
	Composition
	Total Poloxamers Conc. (wt.%)
	PPO/PEO

Ratio †
	Sol-To-Gel Temperature (°C), Mean ± SD





	F1
	P407 (23%), P188 (5.5%), H2O (71.5%)
	28.5
	0.30
	27.0 ± 0.00



	F2
	P407 (20%), P188 (8.5%), H2O (71.5%)
	28.5
	0.28
	35.5 ± 0.33



	F3
	P407 (19%), P188 (5.5%), H2O (75.5%)
	24.5
	0.25
	40.3 ± 0.47



	F4
	P407 (21%), P188 (5.5%), H2O (73.5%)
	26.5
	0.28
	33.3 ± 0.47



	F5
	P407 (25%), P188 (5.5%), H2O (69.5%)
	30.5
	0.32
	*



	F6
	P407 (27%), P188 (5.5%), H2O (67.5%)
	33.5
	0.34
	*



	F1SA
	Sodium alginate (0.5 wt.%) + F1
	28.5
	0.30
	26.0 ± 0.00



	F1SA2
	Sodium alginate (0.75 wt.%) + F1
	28.5
	0.30
	25.0 ± 0.33



	F1SA3
	Sodium alginate (1.0 wt.%) + F1
	28.5
	0.30
	23.0 ± 0.33



	F1SA4
	Sodium alginate (0.5 wt.%) + Calcium chloride (0.5 wt.%) + F1
	28.5
	0.30
	**



	F1CMC
	Carboxy methylcellulose (0.35 wt.%) + F1
	28.5
	0.30
	26.3 ± 0.33



	F1CMC2
	Carboxy methylcellulose (0.75 wt.%) + F1
	28.5
	0.30
	23.3 ± 0.33



	F1MC
	Methylcellulose (0.35 wt.%) + F1
	28.5
	0.30
	25.6 ± 0.33



	F1MC2
	Methylcellulose (0.5 wt.%) + F1
	28.5
	0.30
	24.3 ± 0.67



	F1MC3
	Methylcellulose (0.75 wt.%) + F1
	28.5
	0.30
	22.3 ± 0.33



	F1CH ***
	Chitosan (MMW) (0.4 wt.%) + F1
	28.5
	0.30
	25.6 ± 0.33



	F1CH2 ***
	Chitosan (MMW) (0.5 wt.%) + F1
	28.5
	0.30
	25.6 ± 0.33



	F1CH3 ***
	Chitosan (MMW) (0.75 wt.%) + F1
	28.5
	0.30
	24.3 ± 0.33



	F1NaCl
	Sodium chloride (0.4 wt.%) + F1
	28.5
	0.30
	25.4 ± 0.33



	F1NaCl2
	Sodium chloride (0.6 wt.%) + F1
	28.5
	0.30
	24.3 ± 0.00



	F1NaCl3 ****
	Sodium chloride (0.9 wt.%) + F1
	28.5
	0.30
	22.9 ± 0.00







*: Gelation occurred at room temperature. **: addition of calcium chloride caused precipitate formation. ***: chitosan solution was prepared in glacial acetic acid (1.5% v/w), to enhance its solubility, then mixed with poloxamer solution. ****: a white precipitate was observed at 0.9% w/w sodium chloride after storage for more than a month. †: PPO/PEO ratio was calculated based on the following equation: PPO/PEO = ((P407 Conc. × 0.325) + (P188 Conc. × 0.190))/total poloxamer concentration), where all concentrations are in % w/w.
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Table 2. Sol-to-gel transition temperature of selected BH-loaded formulations, and the time required to achieve sol-to-gel transition at 37℃. The data shows that BH inclusion increases the sol-to-gel transition temperature (n = 3).
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	Formulation Code
	Sol-To-Gel Transition Temperature (°C) (Mean ± SD)
	Sol-To-Gel Transition Time (S)

(Mean ± SD)





	F1
	28.3 ± 0.33
	90.0 ± 0.00



	F2
	36.3 ± 0.66
	180.0 ± 4.08



	F1SA
	27.3 ± 0.66
	81.6 ± 2.35



	F1MC
	26.6 ± 0.00
	83.3 ± 2.35



	F1CMC
	27.3 ± 0.00
	85.0 ± 0.00



	F1CH
	26.6 ± 0.33
	95.0 ± 4.08



	F1NaCl
	25.6 ± 0.33
	30.0 ± 0.00
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Table 3. Gel mechanical properties (presented as gel hardness and strength at 37 °C ± 0.5 and injectability data at 20 °C ± 0.5), showing that decreasing PPO/PEO ratio significantly reduced the gel mechanical properties, whereas sodium chloride and polymeric additives promoted the gel mechanical properties (n = 3).
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	Formulation Code
	Gel Hardness (g)

Mean ± SD
	Gel Strength

(g. s)

Mean ± SD
	Maximum Force (g)

Mean ± SD
	Work Needed

(g. m)

Mean ± SD





	F1
	29.0 ± 3.4
	124.8 ± 12.8
	1688.0 ± 55.6
	27.5 ± 1.7



	F2
	23.3 ± 1.1
	102.3 ± 7.6
	981.7 ± 32.0
	15.9 ± 1.1



	F1SA
	40.3 ± 5.5
	168.5 ± 23.0
	2598.9 ± 219.8
	47.4 ± 4.4



	F1MC
	39.8 ± 3.5
	165.4 ± 13.6
	2096.6 ± 90.5
	37.1 ± 2.1



	F1CMC
	40.2 ± 2.6
	166.8 ± 10.2
	2526.1 ± 143.8
	46.4 ± 2.8



	F1CH
	40.5 ± 4.6
	166.2 ± 17.6
	2448.1 ± 115.8
	28.0 ± 1.1



	F1NaCl
	50.75 ± 2.7
	207.0 ± 18.4
	1703.6 ± 89.3
	29.2 ± 2.1
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Table 4. Optimised chromatographic conditions of the developed HPLC method.
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	Parameters
	Details





	Column
	Kinetex C18 ODS, 250 × 4.6 mm i.d., and 5 μm particle size



	Column temperature
	Room temperature



	Mobile phase
	Potassium phosphate buffer (pH 6.15–20 mM):acetonitrile:methanol (25:35:40)



	Flow rate
	1.0 mL/min



	Injection volume
	10 µL



	Detector
	Diode array detector (DAD)



	Detection wavelength
	210 nm
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Table 5. Correlation coefficients when release data were fitted to kinetic models, and calculated similarity factor (f2) of release profiles, as compared to the base formulation F1.
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Formulation Code

	
Zero-Order

	
First-Order

	
Higuchi

	
Hixson–Crowell

	
Similarity Factor (f2)




	
R2






	
F1

	
0.961

	
0.848

	
0.997

	
0.885

	
NA




	
F2

	
0.897

	
0.980

	
0.989

	
0.991

	
43




	
F1SA

	
0.980

	
0.830

	
0.989

	
0.877

	
74




	
F1MC

	
0.971

	
0.780

	
0.992

	
0.841

	
74




	
F1CMC

	
0.977

	
0.847

	
0.992

	
0.889

	
80




	
F1CH

	
0.913

	
0.894

	
0.994

	
0.920

	
51




	
F1NaCl

	
0.949

	
0.848

	
0.993

	
0.891

	
69
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