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Abstract  

Background: Appropriate control of postoperative pain following knee arthroplasty can speed 

recovery and improve patient satisfaction. The intraarticular administration of bupivacaine 

hydrochloride (BH) and ketorolac tromethamine (KT) offers efficient pain control. However, 

the duration of effect is limited by rapid drug clearance from the joint cavity.   

Objective: Develop and evaluate an injectable poloxamers-based in situ gelling system for the 

sustained intraarticular delivery of BH with or without KT.  

Methods: Poloxamers-based in situ gelling systems were prepared using poloxamer 407 

(P407), poloxamer 188 (P188) and sodium chloride (NaCl). Selected formulations were loaded 

with BH alone or in combination with KT, and thoroughly characterized in vitro. In vivo 

evaluation of the optimized formulation was performed in a sheep model of arthroplasty against 

marketed products.    

Results and discussion: Mechanical and rheological studies revealed a Newtonian-like flow 

of the developed formulations at room temperature, confirming their injectability, followed by 

a transition to viscous gels at physiological temperature. The inclusion of NaCl in the 

formulation significantly enhanced the gel mechanical and rheological properties and resulted 

in five-fold reduction in the in vitro burst release of both BH and KT over the first six hours.  

A formulation composed of P407 (25% w/w), P188 (11% w/w) and NaCl (0.4% w/w) loaded 

with BH (2.5% w/w) alone, or with KT (0.3% w/w), was selected and evaluated in a sheep 

model of arthroplasty. Circulating blood concentrations of both drugs were well below reported 

toxicity levels (Cmax was 254 ± 186 ng/mL and 121 ± 86 ng/mL for BH and KT, respectively). 

The developed formulation successfully sustained the in vivo release of BH and KT for 72 and 

48 hours, respectively, compared to 24 and 8 hours for marketed drug solutions. BH and KT 

synovial concentrations at 72 hours were 11.5 and 1.8 times that of marketed products, 
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suggesting a significant increase in the intraarticular residence time. Histological studies 

revealed the formulations were compatible with the synovial membrane, yet chondrotoxic. 

Conclusion: Poloxamers-based in situ gelling systems are promising delivery platforms for 

the sustained intraarticular delivery of BH and KT, with potential clinical benefits in managing 

postoperative pain following knee arthroplasty.  
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1.1 Background  

Knee arthroplasty (KA) is the standard treatment of chronic pain and limited mobility 

associated with end-stage knee arthritis (1,2). However, extreme pain following surgery 

remains an unresolved complication (3–5). Inadequate postoperative pain leads to patient 

suffering and dissatisfaction, impaired mobility and rehabilitation, delayed recovery, prolonged 

hospitalization, and increased financial burden (3,6–9). 

While systemic opioids offer effective postoperative pain control, they are associated with 

coordination disorders, respiratory depression, gastrointestinal dysfunction, potential abuse 

and dependence (10–15). Combinations of non-steroidal anti-inflammatory drugs (NSAIDs) 

and local anesthetics (LA) have been reported to effectively reduce postoperative pain and 

minimize the need for opioids (16). However, systemic NSAIDs are linked to gastrointestinal 

ulcers and nephrotoxicity, whereas neuraxial anesthesia (administration of LA into the 

subarachnoid or epidural space) may trigger numerous side effects/complications such as 

bradycardia, hypotension, urinary retention and motor disorders, impairing patients’ 

rehabilitation and recovery (17–21). 

Intraarticular (IA) administration of LA, such as bupivacaine hydrochloride (BH), and 

NSAIDs, such as ketorolac tromethamine (KT), offers an appealing approach to effectively 

control postoperative pain with limited systemic adverse reactions (16,22–29). Yet, the clinical 

benefits of this approach are limited by the short duration of action and rapid clearance of 

BH/KT from the joint cavity, requiring frequent administration (30,31). Continuous infusions 

of these two drugs can extend the duration of analgesia. However, this approach is associated 

with potential infection and reduced mobility (29). Therefore, developing a delivery platform 

that offers dual sustained IA delivery of BH and KT is hypothesized to effectively control KA-
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associated postoperative pain, reduce opioid requirements and minimize the side 

effects/complications of the current treatment approaches.  

Poloxamers-based in situ gelling systems are promising platforms for IA drug delivery (32–

36). Their concentrated solutions are injectable liquids at room temperature, allowing IA 

administration. At physiological temperature, they form a bioerodible and biocompatible gel, 

with a potential extension of the release profile of the loaded drug(s) (37). However, their 

employment as sustained drug delivery platforms is challenged by their poor mechanical 

strength causing fast gel erosion and drug diffusion (38–40). In addition, they exhibit an initial 

burst release of the loaded drug due to the lag time between administration and phase transition 

(35,41–49).  

Various formulation strategies have been applied to sustain the drug release and reduce initial 

burst release from poloxamers-based in situ forming gels. It has been shown that increasing the 

concentration of the hydrophobic component of the gel matrix could significantly enhance the 

gel strength and reduces the gel erosion and drug diffusion rates. Likewise, the physical 

blending of additive polymers, such as alginates (50,51), cellulose derivatives (52,53) and 

chitosan (54,55), is likely to reduce the system porosity with potential extension in the release 

profile of the loaded drug. The inclusion of sodium chloride (NaCl) into poloxamers solution 

significantly reduces the sol-to-gel transition time and increases the gel mechanical properties 

(56,57), with the potential to reduce the initial burst and extend the release profile of the loaded 

drug.   

1.2 Hypothesis  

It was hypothesized that a concentrated poloxamer matrix with relatively high hydrophobicity 

would create a firmly packed system, hindering drug diffusion to the external environment and 

sustaining the release profile. In addition, the physical blending with additive polymers was 
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hypothesized to increase the gel mechanical properties, thus extending the drug release profile 

following intraarticular administration. Furthermore, the inclusion of salts, such as sodium 

chloride, is hypothesized to reduce the sol-to-gel transition time, limiting the initial burst 

release of the loaded drug(s). This thesis investigated poloxamers-based formulations for the 

delivery of bupivacaine hydrochloride (BH) alone or in combination with ketorolac 

tromethamine (KT).  

1.3 Thesis aims 

This thesis aimed to develop and evaluate an optimized, poloxamers-based in situ gelling 

system for the sustained delivery of BH alone or in combination with KT following IA 

administration. 

The objectives of this thesis were to: 

1. Perform a comprehensive literature search and in-depth analysis of potential 

formulation strategies to sustain drug release from poloxamers-based in situ forming 

gels with a reduced initial burst release. 

2. Develop analytical methods for quantification of BH alone, and for the simultaneous 

quantification of BH and KT, in relevant media.   

3. Investigate commonly used formulation strategies, namely physical blending with 

additive polymers or NaCl and altering matrix hydrophobicity, to sustain the drug 

release and limit its initial burst release from poloxamers-based in situ forming gels.  

4. Perform comprehensive in vitro characterization of the developed poloxamers-based in 

situ forming gels for controlled delivery of BH alone and in combination with KT for 

an extended duration.   

5. Evaluate the in vivo safety, toxicity and efficacy of the developed BH-loaded and 

BH/KT-loaded in situ gelling formulations, using a sheep model of arthroplasty. 
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1.4 Thesis structure  

This thesis comprises the following chapters:  

Chapter 1: provides an introduction to the research, the hypothesis, aims and objectives. It 

also describes, briefly, the structure of the thesis. 

Chapter 2: provides a comprehensive discussion of the literature pertaining to this project. It 

describes the main clinical problem; postoperative pain associated with KA, along with the 

advantages and limitations of the current pain management approaches. A critical review of 

poloxamers-based in situ forming gels as promising platforms for sustaining IA drug delivery 

is also provided, followed by an in-depth analysis of the formulation strategies to 

sustain/modify drug release profiles from these systems.   

Chapter 3: details the development and validation of three different analytical methods used 

throughout this project: i) a stability indicating high performance liquid chromatography 

(HPLC) method for determining BH in poloxamers-based in situ forming gels and stability 

samples, ii) a stability indicating HPLC method for the simultaneous determination of BH and 

KT in poloxamers-based in situ forming gel, stability samples and human plasma, and iii) a 

liquid chromatography-mass spectroscopy/mass spectroscopy (LC-MS/MS) method was 

described for the simultaneous determination of BH and KT in biological samples such as 

sheep plasma and synovial fluids obtained from the animal study.   

Chapter 4: describes the development, optimization, and in vitro characterization of 

poloxamers-based in situ gelling system for sustained delivery of BH. The effect of selected 

formulation strategies (namely increasing matrix hydrophobicity and the physical blending of 

polymeric additives and salts) to limit the initial burst and sustain the release of BH from 

poloxamers-based system is also described.  
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Chapter 5: describes the development and a comprehensive in vitro characterization of 

poloxamers-based in situ gelling formulations for the sustained dual delivery of BH and KT. 

The influence of poloxamer 188 and NaCl concentrations on the supramolecular arrangement 

and release profiles of BH and KT were studied.  

Chapter 6: chronicles the studies related to the in vivo safety and toxicity assessment of the 

developed in situ gelling formulations, loaded with BH alone and with both BH and KT, using 

a sheep model of arthroplasty. It begins with the observations from preliminary pilot studies, 

followed by a detailed discussion of the outcomes from the main animal study.  

Chapter 7 provides a general discussion, limitations, future directions, and conclusion of the 

research project.  
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2.1 Declaration  

A considerable part of this chapter has been published as a review article.  

Abdeltawab H, Svirskis D, Sharma M. Formulation strategies to modulate drug release from 

poloxamer-based in situ gelling systems. Expert Opinion on Drug Delivery. 2020 Apr 

2;17(4):495–509. It has been reused with permission from Tylor & Francis online, and can be 

accessed at   

https://www.tandfonline.com/doi/abs/10.1080/17425247.2020.1731469 

2.2 Chapter aims  

The overall aim of this chapter is to provide an in-depth review of the literature pertaining to 

this thesis. The specific objectives of this chapter were to: 

1. Review the limitations in current treatment approaches for addressing postoperative pain 

following KA.  

2. Discuss the potential of poloxamers-based in situ gelling systems to achieve sustained IA 

drug delivery.  

3. Analyze the literature for potential formulation strategies to modify drug release profiles 

from poloxamers-based in situ gelling systems.  

2.3 Knee arthroplasty  

Knee replacement or arthroplasty (KA), (Figure 2.1) is the standard surgical approach to 

remove degenerated bone and cartilage and to resurface the joint in end-stage osteoarthritis (2). 

Cartilage damage caused by joint wear and tear exposes the bone to increased friction, causing 

persistent pain, inflammation and stiffness of the joint. KA restores the biomechanical function 

of the joint, thereby reducing the associated chronic pain and thus enhances the patients’ 

physical stability and balance (58–60). Economically, KA improves patients’ ability to return 

https://www.tandfonline.com/doi/abs/10.1080/17425247.2020.1731469


9 
 

to their work even in knee burdening work activities (61). Thus, it plays a crucial role in 

promoting patients’ quality of life and alleviating the national financial burden (61,62).  

Knee osteoarthritis is the lead reason for KA, accounting for 94.6% of KA surgeries performed 

in New Zealand between 2000 and 2016 (63). Obesity is strongly linked to KA, with almost 

67% of patients who underwent knee replacement in The United Kingdom (UK) in 2017 either 

overweight or obese (64). The average body mass index (BMI) of patients who underwent KA 

was calculated as 28.9 (overweight) in New Zealand, 30.92 (obese) in the UK and ˃ 35 (obese) 

in Sweden (64). The higher demand for KA among the overweight and obese population is 

attributed to the higher mechanical stress on the knee joint, causing cartilage damage and 

persistent pain and inflammation. Likewise, chronic inflammation of the synovial membranes 

is observed in rheumatoid arthritis, leading to the damage of the joint cartilage and, 

subsequently, the need for KA. 

 

Figure 2.1: Knee arthroplasty (replacement), Adapted from (65). 

2.3.1 Global epidemiology and expansion of knee arthroplasty utilization 

The utilization rates of KA surgeries are expanding in New Zealand and worldwide, attributed 

to its crucial role in promoting the patients’ quality of life (1). In New Zealand, the annual 
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utilization rate of KA tripled between 1999 (2495 surgeries) and 2016 (8216 surgeries) (63). 

The rates of KA surgeries are similar between males (48.4%) and females (51.6%). Population 

aging plays an essential role in expanding KA utilization rates; the average age of patients 

undertaking KA in New Zealand is 68 years. In the USA, the incidence rate of total KA has 

increased from 263,000 in 1999 to 616,000 in 2008 and is projected to reach 1.26 million 

procedures in 2030 (66,67). Similarly, the number of KA in England is estimated to expand by 

34% in 2035 (118,000 surgeries) compared to 2012 (88,000 operations) (68). In Sweden, KA 

is expected to rise by 35% in 2030 compared to the KA performed in 1997 (69). Similarly, A 

significant increase in KA rates has been reported in recent years across Europe and Canada 

(70–72). Cumulative incidence rates across Organisation for Economic Co-operation and 

Development (OCED) countries increased by 38% in 2011 compared to 2005 (73). Of note, 

the global increase in KA utilization is attributed to numerous reasons such as extended aging 

and increasing rates of osteoarthritis and obesity (4,74). 

2.3.2 Postoperative pain following knee arthroplasty  

Despite the advances in surgery techniques, the management of postoperative pain following 

KA remains an unresolved complication (4,5). More than half of the patients undergoing joint 

arthroplasty experience extreme postoperative pain over few days to weeks (4,75,76). The 

intense pain following KA is considered among the reasons behind patients' refusal to undergo 

surgery (10). This pain is attributed to the highly innervated nature and the abundant free nerve 

endings in the joint cavity, enhancing the transmission of pain signals (77,78). Though the 

pathophysiology of KA-related pain lacks definitive description (3,79), it may exaggerate by 

several factors, including neural, cellular, emotional and psychological (77,79). In addition, 

patient health conditions and surgery-related factors might contribute to the severity of the pain 

(80).   
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Suboptimal control of KA postoperative pain is associated with numerous negative 

consequences, including patient suffering and dissatisfaction, impaired mobility and 

rehabilitation, prolonged hospitalization and increased financial burdens (3,6–9). Delayed 

mobility and rehabilitation correlate with knee stiffness and adhesion, capsular contraction and 

muscular atrophy, low patient mood, delayed recovery and more extended hospital stay 

(79,81). Besides, severe postoperative pain has been linked to mental distress, exaggerated 

anxiety and sleep disruption, particularly in the elderly population (75). Respiratory problems 

such as cough, breathing shortness and pneumonia are reported as additional complications for 

inadequate control of KA postoperative pain (75). Furthermore, the prolonged stimulation of 

the nerve endings may turn into chronic pain, triggering a need for revision surgery (75,81,82).  

2.3.3 Management of postoperative pain following knee arthroplasty 

Various approaches are employed for managing postoperative pain. These approaches can be 

classified into unimodal, bimodal and multi-modal, depending on the number/class of 

therapeutics being used. Opioids are the mainstay of the unimodal approach (13). Nonetheless, 

they are linked to potential abuse and dependence. The multimodal approach was first 

introduced in 1993 to reduce opioid needs (83). It is a multi-disciplinary approach for 

controlling pain by exploiting the synergistic effects of analgesics with different mechanisms 

of action, such as opioids, NSAIDs, LA, acetaminophen, glucocorticoids, gabapentinoids and 

ketamine (77,83). The efficacy of this approach in reducing opioid consumption has been 

widely demonstrated (84,85).  

Several routes of administrations are employed for the delivery of analgesia and anesthesia for 

the control of postoperative pain; mainly systemic, neuraxial and local peri/intraarticular routes 

(Figure 2.2). The route/technique of administration plays a central role in defining the adverse 

reactions/complications of the pain management strategy. Systemic administration of analgesia 
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is linked to plentiful undesired systemic effects. Though neuraxial administration of 

anesthesia/analgesia limits their systemic side effects, it may interfere with patient 

mobility/physical stability and slow down rehabilitation and recovery. Interestingly, IA 

anaesthesia/analgesia is an alluring approach to overcome the limitations of the previous 

approaches and provide efficient local analgesia. However, the clinical benefits of this 

approach are limited by the rapid clearance of the administered drugs from the joint cavity, 

requiring frequent administration and presenting the patient to a potential risk of infection. 

Indeed, developing a safe and efficient pain management plan requires a comprehensive 

understanding of the advantages and disadvantages of each administration route. Below is a 

detailed discussion of approaches commonly employed for managing KA postoperative pain, 

with a focus on their advantages and side effects/complications.  

 

Figure 2.2: Commonly used approaches utilizing different routes of administration for the management 

of postoperative pain following KA.  

2.3.3.1 Systemic analgesia 

Systemic, such as oral, intravenous and intramuscular, analgesia is a widely used approach to 

control postoperative pain as it offers several advantages. The oral route of administration is 

characterized by simplicity, convenience and patient compliance, where drugs can be self-

administered without the need for special training (86). Besides, a wide variety of 
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pharmaceutical products are available in oral dosage forms. Likewise, parenteral analgesia 

offers the short onset of action, bypassing several absorption and metabolic barriers and 

suitability for elderly patients who have difficulty swallowing pills (86).  

Systemic opioids are the backbone of conventional postoperative analgesia (77,84). They are 

available in various forms, including oral, intravenous, intramuscular, transdermal and 

subcutaneous, and can provide immediate or sustained analgesia (87). NSAIDs are commonly 

used as adjuvant therapy for controlling postoperative pain. Their systemic administration 

successfully enhances analgesia and patient satisfaction and reduces hospital stay and opioid 

requirements (84,87). Like opioids, NSAIDs are available in various dosage forms such as 

tablets, suppository and injections and can provide immediate or sustained analgesia. 

Patient-controlled analgesia (PCA) is an effective approach to manage postoperative pain, with 

limited need for professional nurses. Intravenous route is commonly employed in PCA, where 

a delivery device is programmed to continuously deliver baseline opioid concentrations with 

additional intermittent small doses to be operated by the patient as required (77,88,89). The 

lock-out times of the infusion device and the maximum delivered dose per unit time can be set 

to avoid overdosing. In PCA, opioids can be delivered via various routes as intravenous (using 

a microprocessor-controlled infusion device), transdermal (using iontophoresis technology) or 

oral administration (77). Compared to the conventional methods, PCA offers better pain 

control, faster rehabilitation, higher patient satisfaction and less need for a nurse staff (90,91).  

2.3.3.2 Neuraxial (epidural and spinal) analgesia 

 Neuraxial administration of local anesthetics/opioids has been introduced to limit the systemic 

side effects of opioids (Figure 2.2). It refers to the administration of LA into the epidural sac 

or subarachnoid space (92). The efficacy of neuraxial anesthesia is well documented (93). 

Intraoperative epidural anesthesia was found superior to systemic opioids in controlling the 
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immediate postoperative pain following KA, whereas continuous epidural anesthesia 

demonstrated superiority over intramuscular narcotics (94,95). Combinations of opioids and 

LA demonstrated lower pain scores and reduced the required dose of both drugs, as compared 

to LA alone (87,95,96). Of note, the extent of neuraxial blocks and levels of analgesia are 

determined by the volume and concentration of the injected drug (97).  

2.3.3.3 Peripheral nerve block 

Peripheral nerve block (PNB, Figure 2.2) offers analgesia comparable to continuous epidural 

infusion with lesser adverse reactions (77,98), attributed to the highly innervated nature of the 

knee joint (99). In addition, they have a better safety profile, attributed to the limited systemic 

absorption of the administered drugs. Lower pain scores, lesser opioid consumption, shorter 

hospital stay and higher patient satisfaction were consistently reported with PNB compared to 

the systemic approach (100–102). Of note, the level and duration of nerve blockade are affected 

by the drug delivery technique (single injection or continuous infusion), drug concentration 

and other formulation parameters such as release profile (103).  

Femoral nerve block (FNB) is an effective technique for managing postoperative pain 

following arthroplasty (104). FNB demonstrated superiority to PCA in controlling KA 

postoperative pain; lower pain levels, lesser opioid consumption and adverse reactions, higher 

knee flexion and patient satisfaction (100). Simultaneous blockade of femoral and sciatic 

nerves demonstrated lower pain levels (61%) and opioid use (81%), compared to FNB alone 

(105).  

The Adductor canal block (ACB) is an alternative to FNB with better safety and efficacy 

profiles (106), as it does not interfere with the patient’s motor/physical stability (107,108). This 

is explained by the site of administration; in ACB, LA is injected distally to the quadriceps 
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motor branches providing regional anesthesia within the anterior and anteromedial parts of the 

knee joint (at the level of the patella’s superior hole) and the leg (99,107). 

2.3.3.4 Local infiltration analgesia 

Local infiltration analgesia (LIA, Figure 2.2) is an alluring approach for managing KA 

postoperative pain with limited systemic side effects and without altering the patient physical 

stability (16,22–29). Bianconi et al. demonstrated that the local infiltration of ropivacaine 

offered lower pain scores and significantly reduced tramadol consumption by 7-fold compared 

to intravenous morphine (27). Likewise, infiltration of ropivacaine, ketorolac and adrenaline 

admixture demonstrated low pain levels (0-3 pain scores), fast rehabilitation (5-6 hours), short 

hospital stay (overnight) with minor side effects and without the need for opioids (16). LIA 

offers better safety and efficacy profiles compared to epidural anesthesia: lower opioid 

consumption and complications and shorter hospital stay (28,29). LIA can be performed 

intraoperatively via administering LA periarticularly or intraarticularly, with or without 

synergistic drugs (99). 

2.3.4 Limitations of the current treatment approaches  

A comprehensive awareness of the side effects and complications of current pain treatment 

strategies is crucial to limit the adverse reaction of the targeted formulation. Though systemic 

opioids are the first-line treatment of postoperative pain, they are associated with multiple 

systemic adverse reactions such as nausea, vomiting, constipation, respiratory depression, 

urinary retention, and psychomotor coordination issues (11–15). In addition, they are linked to 

potential abuse, dependence and overdose-related deaths (109–113). In the USA, it has been 

estimated that 20% to 33% of patients receiving long-term opioid therapy turn into addicts, 

whereas 117,000 deaths in 2011 have been linked to opioids (111,112). Of note, opioid abuse 

accounts for 70% of the global burden of diseases attributed to drug abuse disorders (113). 
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Safety and toxicity concerns can be raised with patient-controlled opioids. Inappropriate device 

use, wrong data entry as weight or drug concentration, incorrect device setting, software errors 

and insufficient patient training can cause severe complications such as overdose-related 

respiratory depression (114,115). Bearing in mind that most patients undertaking KA are 

elderly (average age for KA in New Zealand is 68.2 years (116)), they are likely to experience 

other comorbid illnesses, reduced hepatic and renal functions, reduced volume of distribution 

and administration of poly-pharmacy. Therefore, they are likely to experience worse opioid-

related adverse reactions (117). As such, there is an increased global interest in non-opioid 

modalities for postoperative pain management.  

Systemic NSAIDs showed reliable efficacy in reducing KA postoperative pain and opioid 

needs. However, they are correlated to multiple side effects. Non-selective NSAIDs, such as 

KT, are associated with a high risk of nephrotoxicity, gastric ulcer and bleeding (18,19,118), 

whereas selective cyclo-oxygenase 2 inhibitors, such as rofecoxib and valdecoxib, are linked 

to high rates of heart attacks, strokes and other cardiovascular disorders (119). 

Neuraxial anesthesia has been linked to bradycardia, hypotension and urinary retention 

(20,120). Bilateral blockade of sensory and motor nerves may significantly delay the 

rehabilitation and recovery following epidural anesthesia (21). Infections, meningitis, 

abscesses, hematoma, cord infection and paraplegia are reported, yet rarely, complications 

(21,97,121–123). Inaccurate injection of LA has been reported in variable rates with KA; 17% 

and 4% (124). Diffusion of LA to the cerebrospinal fluid resulting from inaccurate 

administration may lead to severe complications as respiratory failure and loss of 

consciousness (21,97), whereas injecting LA into the epidural vein may induce systemic 

toxicity of LA (121). Total spinal anesthesia may occur mistakenly in epidural injections due 

to the intrathecal administration of the local anesthetic agent (121). 
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LIA has been introduced as a safer approach to avoid the side effects of systemic analgesics 

and the complications of neuraxial anesthesia. Nonetheless, their clinical benefits are limited 

by the rapid clearance from the joint cavity (30,31). The placement of a catheter around the 

incision enables the continuous infusion of LA for an extended time. However, it is associated 

with potential infection and reduced mobility, impairing the patient’s ability to participate in 

rehabilitation programs (45). Consequently, an increase in hospitalization time and costs is 

expected. Therefore, developing a delivery system that provides sustained IA release of the 

loaded drug(s) upon a single injection might substantially contribute to KA postoperative pain 

management. Such a delivery platform is postulated to provide prolonged analgesia with 

limited systemic side effects. 

2.3.5 Challenges to developing a sustained intraarticular drug delivery platform 

The rapid clearance of drugs from the joint cavity is a primary challenge to sustaining IA drug 

delivery (30,31). For instance, IA diclofenac, methotrexate and ibuprofen are cleared in 5.2, 

2.9 and 1.9 hours, respectively (125). This is attributed to the porous nature of joint ultra-

structure (30,31). Briefly, the synovial cavity is intermittently covered with a thin layer of 

synoviocytes (specialized cells covering only 80% of the joint cavity), with intercellular gaps 

up to 5.5 µm and without a basement membrane (126). This highly porous nature allows the 

free exchange of fluids/particulates between the synovial fluids and plasma. Indeed, small drug 

molecules (<10 KDa), such as BH and KT, and nano/micro particulates, such as liposomes, are 

in equilibrium between the synovial fluids and the systemic circulation (127). Besides, 

particulates (up to 4 µm) are phagocytosed by the synoviocytes, which are functioning as 

macrophages, causing a rapid release of the encapsulated drug (128). Therefore, an alternative 

drug delivery platform that can prolong the IA residence time is ultimately required. For this 

purpose, poloxamers-based in situ forming gels might be a promising solution (36,129–133).  
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2.4 Drugs used in this project  

Though systemic opioids offer efficient postoperative pain control, they are linked to plentiful 

side effects. Therefore, there is an increasing global interest in limiting their consumption via 

developing non-opioid modalities. Multimodal analgesia is an alluring approach to minimize 

opioid needs (85,134). An IA administration of a combination of analgesics, for example, local 

anesthetics BH, and NSAIDs, such as KT, offers efficient pain control, reduced opioid needs 

and limited systemic adverse reactions (16,22–29). Yet, the clinical benefits of this approach 

are limited by the short duration of action and rapid clearance of BH/KT from the joint cavity, 

requiring frequent administration (30,31). Therefore, this project aimed to develop a drug 

delivery platform for controlled and sustained IA delivery of analgesics, BH and KT.      

2.4.1 Bupivacaine hydrochloride 

Bupivacaine hydrochloride (BH, Figure 2.3A) is an amide-type LA. The empirical formula of 

BH is C18H28N2O. HCl. H2O with a molecular weight of 342.9 g/mol. It is chemically known 

as 2- piperidine carboxamide, 1-butyl-N-(2,6- dimethyl phenyl)-, monohydrochloride, 

monohydrate is a commonly prescribed long-acting local anesthetic agent (135–137). BH is a 

white crystalline powder that is freely soluble in ethanol (125 mg/mL), soluble in water (52 

mg/mL), and slightly soluble in chloroform (135,138,139). Of note, BH shows a drop in its 

aqueous solubility from 50 mg/mL to 0.15 mg/mL, with respect to pH increase from acidic to 

alkaline values (139).  

Pharmacologically, BH inhibits the generation of the action potential through the nerve 

membrane and, therefore, interrupts signal conduction and transmission (140). In addition, it 

inhibits the NMDA receptor-mediated synaptic transmission of pain (141). Despite being a 

long-acting LA, BH is usually eliminated from the body in less than 8 hours. The elimination 

half-life varies depending on the administration site: 0.65 ± 0.2 hours following intravenous 



19 
 

administration and 2.8 ± 0.5 hours after epidural administration (142). BH is marketed as 

injectable solutions (such as Marcaine®) and BH-encapsulated liposomes (such as Exparel®).  

A single IA BH solution successfully reduced postoperative pain following knee surgeries, 

with satisfactory short-term safety (143–145). However, its clinical benefits are limited by the 

rapid clearance from the joint cavity (30,31). BH encapsulated liposomes were introduced as 

an alternative to providing a sustained release profile and prolonged analgesia (146,147). 

However, their IA administration failed to demonstrate significant clinical benefits over the 

BH solution (148–151), attributed to the synovial ultrastructure, which allows the free 

movement of liposomes to the systemic circulation through the wide gaps in the synovial 

membrane (127).  

2.4.2 Ketorolac tromethamine 

Ketorolac tromethamine (KT, Figure 2.3B) is an FDA-approved NSAID. It is a member of the 

pyrrolo-pyrrole group. KT is chemically known as (±)-5-benzoyl-2,3-dihydro-1H-pyrrolizine-

1-carboxylic acid, 2-amino-2-(hydroxymethyl)-1,3-propanediol (93). The chemical formula of 

KT is C15H13N2O6, and its molecular weight is 376.4 g/mol. It is an off-white crystalline 

powder, exists in three crystalline forms; all are highly water-soluble (56.5 mg/mL) within the 

pH range of 4-8, yet exhibits limited aqueous solubility (0.86 mg/mL) above pH 9 (152–155). 

KT is marketed in various dosage forms such as tablets, ocular drops and parenteral solutions, 

all providing immediate release profiles (156).  

Attributed to its clinical benefits, KT drew the attention of clinicians and became one of the 

widely prescribed pain killers. It offers 800-fold greater analgesia than aspirin, 50-fold greater 

analgesia than naproxen and analgesic effects comparable to opioids such as morphine and 

oxymorphone (157–159). Pharmacologically, KT is a non-selective NSAID: inhibits both 

cyclooxygenase-1 and cyclooxygenase-2 enzymes (160). Following oral administration, KT 
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attains Cmax within 1 to 2 hours, and is mainly excreted in urine with an elimination half-life of 

5 to 6 hours (161). 

Despite the potent analgesic activities of KT, its clinical benefits are challenged by its undesired 

reactions. The systemic administration of KT is associated with severe adverse reactions such 

as nephrotoxicity, gastrointestinal ulcers and bleeding (162). Therefore, the local IA 

administration of KT has been introduced to limit its systemic side events. Interestingly, this 

approach demonstrated excellent efficacy and safety in managing postoperative pain following 

KA (16). However, it is challenged by its short duration of action and the rapid clearance from 

the joint cavity, requiring frequent administration.  

 

Figure 2.3: Chemical structures of (A) bupivacaine hydrochloride monohydrate (BH) and (B) ketorolac 

tromethamine (KT). 

2.5 Poloxamers-based in situ gelling systems as promising platforms for the 

sustained intraarticular drug delivery  

Poloxamers (Figure 2.4) are water-soluble tri-block copolymers with amphiphilic and surface-

active properties. They are non-ionic polymers, consisting of a central hydrophobic block of 
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poly (propylene oxide) (PPO) and two hydrophilic terminal blocks of poly (ethylene oxide) 

(PEO) (163). They can be formulated to be liquid at room temperature, which allows for ease 

of administration, with gelation occurring as temperature rises, such as at the body temperature, 

forming a semisolid gel depot (164). Poloxamers are more soluble at cold temperatures due to 

the stable hydrogen bonds between the PEO and PPO blocks with water molecules. At a critical 

micelle temperature, the hydrogen bonds destabilize and poloxamers aggregate and self-

assemble to form spherical micelles with hydrophobic PPO core and hydrophilic PEO corona 

(163). With temperature rise, more hydrogen bonds break and the size of the micelles grows 

until the PPO core becomes completely dehydrated. The outer hydrophilic chain of the micelles 

swells and interact to form three-dimensional (3D) gel structures (Figure 2.5). 

 

Figure 2.4: Chemical structure of poloxamers (x and y are the average number of repeating units of 

each blockchain (for poloxamer 188 x is 76 and y is 29, while for poloxamer 407 x is 100, while y is 

65)). 

Poloxamers have been employed as dispersants for pigments/inks, detergents, foaming agents 

and as anti-biofouling coatings (163). Due to their biocompatibility, poloxamers have been 

extensively used as excipients in pharmaceuticals such as dispersing agents, emulsifiers, co-

emulsifying agents, solubilizing agents, tablet lubricants  and wetting agents (165,166). Over 

the last two decades, poloxamers-based delivery platforms have grabbed the attention of 

formulation scientists and have been widely employed as drug carriers in ophthalmic (167), 

vaginal (168), and rectal drug delivery (169) due to the ease of administration and the ability 

to provide controlled release of the loaded drug following gelation (41,170). 
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Poloxamers drew the attention of formulation scientists to sustained IA drug delivery, 

attributed to their unique properties (35,41,171,42–49). Their concentrated solutions are 

injectable liquids at an ambient temperature allowing the ease of non-invasive IA 

administration. At physiological temperature, poloxamers form a biocompatible and 

bioerodible three-dimensional gel, offering the formation of a drug depot system (37). Besides, 

their amphiphilic nature enables the encapsulation of both hydrophilic and hydrophobic drugs. 

Attributed to their surface-active properties, poloxamers could enhance the solubility of poorly 

soluble drugs, preventing their crystal deposition in the articular joint, and therefore inhibiting 

crystal synovitis (125).  

Nonetheless, the use of poloxamers in intraarticular drug delivery is challenged by their limited 

mechanical properties, limiting their ability to withstand the mechanical stress of the knee 

movement and, therefore, their ability to sustain the IA drug release. Many poloxamers-based 

gels described rapidly lose their integrity in an aqueous environment, causing a fast release of 

the loaded drug (38–40). In addition, hydrophilic low molecular weight therapeutics, such as 

BH and KT, can rapidly diffuse through the interconnected porous network structure of the 

gels, causing an initial burst release (172). This raises concerns around the safety (initial burst 

release) and efficacy (short release profile) of the poloxamers-based delivery systems (173).  

 

Figure 2.5: Sol-to-gel transition of poloxamer as a function of temperature. CMC: critical micelle 

concentration. 
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Increasingly, research is focussing on tailoring the composition of the poloxamers-based 

formulations to modulate the release profile of the drug-loaded moieties. Formulation scientists 

have made various attempts to achieve controlled, extended release (beyond few days to weeks) 

from these systems by chemical modification or by developing a composite system (174,175). 

It is expected that developing such modified composite systems will enhance patient adherence 

to treatment in the future. Below is a comprehensive discussion on the release mechanisms 

from poloxamers-based in situ forming gels, followed by a critical review of various 

formulation strategies to sustain the drug release from poloxamers-based in situ forming gels.   

2.5.1 Mechanisms of drug release  

Understanding the mechanisms controlling drug release from poloxamers-based in situ gelling 

systems is an essential step toward modulating their release profile. Drug release from 

poloxamers-based in situ forming gels is controlled by both diffusion and gel erosion (163), as 

presented in Figure 2.6. However, the rate-determining step for release varies according to the 

composition of the gel matrix and the physicochemical properties of the loaded drug (172).  

2.5.1.1 Drug diffusion 

Drug diffusion from poloxamers-based gels plays a dominant role, especially for small 

hydrophilic molecules, due to the presence of continuous aqueous channels within the gel 

microstructure (176). The physicochemical properties of the loaded drug, such as its molecular 

weight and hydrophilicity/lipophilicity balance, play a significant role in controlling the 

diffusion process (176). Gilbert et al. demonstrated that increasing the alkyl chain length on 

the benzoate ester (methyl, ethyl, propyl and butyl) reduces the drug release rate (177). This is 

thought to be due to the increase in the drug lipophilicity, with longer alkyl chains, resulting in 

increased affinity towards the lipophilic micellar cores and thus slower diffusion from the in 

situ gel matrix. On the other hand, small hydrophilic drugs tend to exist in the aqueous channels 
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and thus diffuse rapidly to the surrounding environment (42,176). Likewise, the gel matrix 

supramolecular arrangement, micellar volume, micellar entanglement, and the extent of the 

aqueous channel network affect the drug diffusion from poloxamers-based in situ gelling 

systems (177–180). 

2.5.1.2 Gel erosion 

The micellar packing arrangement of poloxamers rapidly dissociates in the presence of excess 

aqueous media leading to the degradation of the gel matrix. The erosion process of poloxamers-

based gels is not fully described in the literature. However, it is proposed that micelles at the 

surface dissolute into the release media, leading to gel erosion and drug release (181,182). 

Further studies may be required to assess the contribution of bulk erosion as a result of water 

influx to the matrix core. Gel erosion is the major release mechanism under two situations. 

First, when the loaded drug molecule has a high molecular weight and/or is highly 

hydrophobic, and second, when the mechanical strength of the formed in situ gel is poor/weak, 

causing a release of the loaded drug with the degradation of the gel matrix (172,183). 

Zhang et al. demonstrated that the release of polyethylene glycol (40 kDa) from poloxamers-

based in situ forming gels following either intramuscular or subcutaneous injection is erosion 

controlled (172). Low mobility of the large molecules through the internal aqueous channels 

to the external environment can explain these results. Similarly, hydrophobic drugs have a 

higher affinity toward the core of poloxamers micelles, and it is expected that their release is 

mainly erosion controlled. The release of meloxicam and nonoxynol-9, two hydrophobic drugs, 

was reported to be erosion controlled and followed zero-order release kinetics (184,185). 

Likewise, the release of acyclovir, a practically water-insoluble antiviral drug, from poloxamer 

407 was mainly controlled by gel erosion. However, the addition of carrageenan into 

poloxamers modified the release pattern to be diffusion-controlled, attributed to the significant 
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enhancement in gel strength and reduction in erosion rate (183). The gel erosion might also 

contribute to the release of the small hydrophilic organic drugs, as demonstrated by Yang L et 

al. (176); the author reported that the release of caffeine from poloxamers-based gels was 

governed by both diffusion and gel erosion. This can be explained by the drug partitioning 

between the aqueous regions and poloxamer micellar core due to its organic component. On 

the other hand, Moore et al. concluded that the lipophilic/hydrophilic balance of a drug and 

molecular weight have no significant effect on the release mechanism (186). They studied the 

release of three drugs; propranolol HCl (hydrophilic), metronidazole (hydrophobic) and 

cephalexin (moderately hydrophobic), from poloxamers and demonstrated that drug release 

was a function of gel erosion irrespective of the varying physiochemical properties of the 

studied drugs. These contradictory findings might be attributed to the experimental design, as 

they used large dissolution medium (20 g gel in 800 mL deionized water, at stirring rates of 

20-80 rpm). Poloxamer gels being aqueous in nature, tends to degrade faster in larger volumes 

of dissolution medium as compared to small volumes. Indeed, these findings signify the 

importance of experimental design and its impact on the outcomes of the study. 

When comparing literature, it becomes evident that there are considerable variations in both 

experimental design and methodology used, making it challenging to draw any conclusive 

outcomes from the studies. Yang et al. and Moore et al. studied drug release from poloxamers 

using large volumes of dissolution media and reported gel erosion as the dominant mechanism 

of release (176,186). Whereas Inal and Yapar studied the drug release in small volumes and 

concluded that release is governed through diffusion (184). Similarly, the type/polarity of the 

release medium can also influence the release mechanism. In general, release studies are 

performed in an aqueous medium, however, some studies have reported the use of non-aqueous 

release medium such as isopropyl myristate (187,188). The solubility of poloxamers in 
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isopropyl myristate is very limited, and therefore, drug release is likely to be mainly through 

diffusion. 

Another challenge in describing the drug release mechanism from poloxamers-based gelling 

systems is the selection of an appropriate mathematical model. Though many studies have 

reported that drug release from poloxamers follows Fickian diffusion and can be well described 

by Higuchi model (42,180,185,186). Few attempts have been made to develop a predictive 

mathematical model, describing the drug release from poloxamers-based gels (176,186). They 

have used large volumes of dissolution media (300 mL and 800 mL deionized water). 

Therefore, they are more appropriate to understand drug release following oral administration 

of poloxamers-based delivery systems, where the gel encounters large volumes of gastric 

fluids. Future studies are required to take into consideration other clinical applications of 

poloxamers-based in situ forming gels.   

To summarize, drug release from poloxamers-based in situ gelling systems is controlled by 

both diffusion and gel erosion. The physicochemical properties of both the loaded drug and the 

matrix and the experimental conditions of the release study determine the dominant mechanism 

of drug release. Due to the wide applications of poloxamers, it is difficult to generalize a 

mathematical model that accurately predicts the drug release from poloxamers-based gels. 

Instead, the clinical application should be considered when designing in vitro release 

experiments to simulate the in vivo condition as closely as possible, for the reliability of the 

results.  

2.5.2 Factors influencing drug release from poloxamers-based in situ gelling systems  

As discussed, the release of drugs from poloxamers-based in situ gelling systems is through 

both drug diffusion and gel erosion. Thereby, it is important to understand the formulation 

factors controlling both gel erosion and drug diffusion. A comprehensive understanding of 
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these factors will guide us towards developing poloxamers-based systems with the ability to 

provide extended or prolonged drug release. 

 

Figure 2.6: Mechanisms of drug release from poloxamers-based in situ gelling systems. Yellow dots 

represent drug molecules. 

2.5.2.1 Gel microstructures 

The gel microstructure consists of a number of entangled micelles forming 

lamellar/cubic/hexagonal 3D gel structures with interpenetrating aqueous channels. The 

number, size and arrangement of micelles critically control the porosity of the 3D gel structure, 

which in turn influence the diffusion of drugs to the surrounding environment (177–180). 

An increase in the micellar diameter and/or the number of micelles per unit volume reduces 

inter-micellar distance and promotes a high degree of micellar entanglement. This will result 

in greater tortuosity in the aqueous channels and reduction in the aqueous phase, which will 

ultimately slow down the rate of drug diffusion (172,178). Various formulation factors, such 

as total poloxamer concentration, blending with additive material and chemical modification 

of poloxamers, affect the gel microstructure and network porosity. Blending of hyaluronic acid 

(HA) into poloxamer 407 (P407) increased the average micellar diameter from 15 to 400 nm, 

and a subsequent reduction in piroxicam release rate was observed (35). Likewise, the chemical 



28 
 

modification of poloxamers by synthesizing disulfide multi-blocks increased the average 

micellar diameter from 12 to 600 nm, with a significant extension in time required for complete 

gel erosion from 6 hours to 12 days (189). The increase in total poloxamer concentration also 

reduced the drug diffusion and sustained the release profile (177,179,190).  

2.5.2.2 Mechanical and rheological properties 

Mechanical and rheological properties are crucial formulation attributes for sustaining the 

release from poloxamers-based in situ forming gels (184). Enhancement of these properties can 

lead to a significant reduction in gel erosion and drug diffusion rates, thus sustaining the release 

profile (45,52). In general, poloxamers-based in situ forming gels are highly porous structures 

with interpenetrating aqueous channels contributing to the fast erosion of the gel matrix. 

Creating a tightly packed micellar structure while initiating increased intermolecular 

interactions will enhance the overall strength of the gel and alter its rheological properties.  

Increasing the PPO/PEO ratio can significantly promote gel strength, reduce the erosion rate, 

slow down drug release, and vice versa (184,191). Zhang et al. showed an inverse relationship 

between the concentration of the relatively hydrophobic P407 and the gel erosion rate; P407 

(25% w/v) was completely eroded over 6 hours compared to 70% and 40% erosion for 30% 

w/v and 35% w/v P407 concentration, respectively (52). This is explained by the increased 

hydrophobic interaction, causing a reduction in the aqueous channels within the gel matrix and, 

therefore, enhancing the gel mechanical properties. On the other hand, Liu et al. observed that 

increasing the ratio of the poloxamer 188 (P188) (1 to 6%) in the blend of P407-P188 enhanced 

the gel erosion rate (185). The hydrophilic PEO tends to disrupt the hydration corona around 

the hydrophobic PPO core, consequently, a higher number of water molecules exists around 

PPO. The high ratio of water molecules reduces the gel strength and facilitates its erosion (184).  



29 
 

Blending/crosslinking poloxamers with additive materials can significantly enhance the 

mechanical and rheological properties of poloxamers-based in situ gelling systems, thus 

reducing the gel erosion and drug release rates (192–194). This can be attributed to the 

formation of intermolecular bonds between the additive material and poloxamers, creating a 

tightly packed system. Of note, the enhancement of mechanical and rheological properties is 

associated with the concentration and molecular weight of the additive material (193,195). 

Though enhancing rheological properties is usually a successful approach to sustain the release 

profile from poloxamers-based in situ gelling systems, these properties must be critically 

considered in the development of in situ forming gels for parenteral and ophthalmic application 

as they affect the syringe-ability, injectability and spread-ability of these systems. Formulations 

with viscosities higher than 300 mPas are difficult to inject intramuscularly (196). Xuan J et 

al. demonstrated that increasing the poloxamer concentration and/or blending with additives 

can significantly retard the syringe-ability due to the increased viscosity. Likewise, Lin et al. 

observed that blending of alginates (≥ 0.7%) into P407 (14%) renders the formulation 

unsuitable for ophthalmic administration due to the high viscosity and poor spread-ability (50). 

Of note, the absence of standard methods for determining these properties is a challenge toward 

comparing the results and setting acceptance criteria of each property.  

2.6 Formulation strategies to modulate drug release from poloxamers-based 

in situ gelling systems 

Despite the advantages of poloxamers-based in situ gelling systems in drug delivery, their 

employment as sustained/prolonged release drug delivery platforms is limited by their rapid 

erosion and drug diffusion as well as short residence time at the site of administration 

(50,194,197,198). These challenges are explained by the poor mechanical strength, highly 

porous gel network structure and poor mucoadhesive properties. Therefore, different 
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formulation strategies have been employed to overcome these limitations and prolong drug 

release from poloxamers-based in situ gelling systems, as discussed in the following sections. 

2.6.1 Physical blending with additive(s) 

Physical blending of poloxamers with another polymer has been widely investigated to alter 

drug release from poloxamers-based in situ gelling systems (Table 2.1). Interaction of additive 

polymer with poloxamers alters the gel microstructure, significantly affecting gel porosity, 

mechanical and rheological properties. These interactions could occur as a result of 

hydrophobic interactions, hydrogen bonding and/or supramolecular interactions (association 

of polymers by intermolecular forces) (199). These physicochemical changes modulate the gel 

erosion and drug diffusion rates, thus altering the drug release characteristics of the in situ 

forming gels. Various additives such as chitosan (55), HA (194), alginates (193), cellulose 

derivatives (192), carrageenan (183,200–202), heparin (203,204), linoleic acid (205), and 

gellan gum (206) have been widely used by researchers to modulate the release profile from 

poloxamers-based in situ gelling systems. Similarly, incorporating salts such as NaCl into 

poloxamer gels significantly promote their strength and extend the drug release profile (56). In 

this section, the effects of blending additives with poloxamers are discussed.  

2.6.1.1 Hyaluronic acid 

Hyaluronic acid (HA) is a biocompatible and biodegradable natural polysaccharide (207). It 

has been used in several applications, especially joint lubrication (208) and ocular drug delivery 

(207). The blending of HA into poloxamer solutions increases the gel strength and reduces 

network porosity due to hydrogen bonding between HA and poloxamers, consequently 

sustaining drug release and reducing the initial burst release of loaded drug (194). Mayol et al. 

reported that incorporation of HA into a poloxamer gel (10% P188 - 15% P407) reduced 

acyclovir release in the eye as a function of its concentration; the cumulative release over 6 
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hours was reduced from 50% to 20% by the addition of 1% HA and to 10% by the incorporation 

of 2% HA (194). In addition, an increase in mucoadhesive forces and residence time has been 

reported. Similarly, the incorporation of HA to P407 reduced the cumulative piroxicam 

released over 50 hours from 50% to only 20% (35). The HA-P407 system sustained the in vitro 

release up to 10 days, and the half-life (t1/2) following IA injection increased from 24 hours 

(poloxamer without HA) to 86 hours (poloxamer with HA). Likewise, Nascimento et al. 

demonstrated that the blending HA into poloxamers (P407 or P407-P108) reduced the release 

of lidocaine compared to HA free formulation (178).  

2.6.1.2 Chitosan 

Chitosan are biocompatible and biodegradable natural polymers (209). They form pH-

responsive hydrogels; exhibit sol-to-gel transition as a response to pH change (209). Chitosan 

blending with poloxamers-based gels reduces the drug release rate by enhancing the gel 

strength via the formation of inter-micellar bridges (42,54). In addition, it prolongs the 

residence time at the administration site and thus is advantageous in mucosal applications 

(54,210). These changes are associated with chitosan concentration (211–213) and molecular 

weight (214).  

Sridhar et al. demonstrated that chitosan increased the intra-nasal residence time of a 

poloxamers-based gel by 3.2-fold (54). In addition, the release profile extended from 6 to 16 

hours. Likewise, incorporating chitosan into poloxamers promoted the intra-nasal residence 

time and prolonged the in vitro release of metoclopramide hydrochloride to more than 6.5 hours 

compared to only 2.5 hours with poloxamer formulation (215). Qian et al. demonstrated that 

chitosan (0.5%) slightly reduced the in vitro release rate of tacrine compared to a poloxamer 

binary system (P407-P188) (216). Chitosan blending with P407 prolonged the in vitro release 

of ketorolac tromethamine from 1 to 12 hours, and increased the residence time following its 
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intravesical administration in a rabbit model (210). In ophthalmic applications, chitosan 

reduced ofloxacin release rate; 60% drug was released over 3 hours from the composite 

preparation compared to more than 90% release within one hour from poloxamer (211). In 

addition, chitosan increased the ocular residence time of poloxamers by 4-fold, as demonstrated 

by Gratieri T et al. (55). This significant increase in residence time is explained by the enhanced 

mucoadhesive forces, which increased from 0.08 N to 0.1 N by the addition of chitosan. 

Chitosan have been used in combination with other additives to retard the release rate from 

poloxamer gelling systems. Ur-Rehman et al. demonstrated that incorporating chitosan and 

sodium tri-polyphosphate reduced the release rate of study drugs (namely; metoprolol, 

doxycycline and flufenamic acid) from P407 as a function of chitosan concentration (212). 

Likewise, incorporation of chitosan to a blend of P407 (17% w/v)-cyclodextrin (10% w/v) 

reduced the fexofenadine released over 6 hours from 74% to 54.5% (213). The reduced in vitro 

release rate is explained by the enhanced gel strength and viscosity of the composite; the 

consistency index (shear stress/(shear rate * flow behavioral index)) increased from 1539.4 to 

1886.8, respectively. Chitosan-methyl cellulose-P407 ternary composite significantly 

sustained the in vivo release of the soluble antigen ovalbumin compared to non-modified 

poloxamer (217).  

2.6.1.3 Cellulose derivative  

Cellulose-based polymers are highly abundant biocompatible polymers with diverse 

applications in pharmaceuticals, cosmetics and nutritional products (218). The blending of 

cellulose derivatives with poloxamer solutions has been applied to slow drug release by 

increasing gel strength and reducing erosion rates (192). In addition, certain cellulose 

derivatives, such as hydroxyl propyl methylcellulose (HPMC) and hydroxyl ethylcellulose 

(HEC), enhance the mucoadhesive forces, thus increasing the residence time of poloxamers-
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based formulations (219). These changes are strongly governed by the type, concentration and 

molecular weight of the cellulose derivative being used. 

Rangabhatla et al. demonstrated that blending of methylcellulose (MC) with P407 significantly 

reduced the gel erosion and etidronate release rates; the release profile was extended from 5 

days to 4 weeks (192). Similarly, Wang W et al. reported that MC blending into P407 reduced 

the release rate of the Chinese medicine, Cortex Moutan (220). Dewan et al. demonstrated that 

grafting of MC into poloxamers increased gel strength and viscosity and reduced drug release 

rates as a function of its molecular weight (195). 

Carboxymethylcellulose (CMC) and HPMC blending with P407 decreased the in vitro release 

constant of ceftiofur from 0.3 to 0.24 and 0.28 µg/min, respectively (52). HPMC blending with 

P188 prolonged the residence time and reduced the icariin released over 40 hours from 70% to 

30% (219). Similarly, Yu et al. demonstrated that blending sodium carboxymethylcellulose 

(Na CMC) and HPMC with P188 significantly retarded the initial burst release and extended 

the release profile of florfenicol from 65 to 120 and 128 hours, respectively (53). 

Hydroxypropyl cellulose (HPC) and HPMC reduced the release rates of vancomycin from 

poloxamers-based gels (61%, 72% and 80% release within 24 hours for HPC-P407 (5%-

15%w/w), HPMC-P407 (10%-10% w/w) and P407 (20% w/w) respectively) (221).  

HEC addition to a binary system of P407 18% and P188 13% w/w significantly reduced the 

ciprofloxacin HCL release over 8 hours in vitro from 88% to 58% and promoted the 

mucoadhesive force by 3-fold (222). On the other hand, Marcos et al. demonstrated that 14% 

poloxamer 123 blended with 2% HEC did not significantly sustain the release of griseofulvin 

(223). However, the addition of 10% α-cyclodextrin to the binary system enhanced the 

solubility of griseofulvin and improved the gel's rheological and mucoadhesive properties by 

forming a supramolecular network structure and thus provided a sustained release for up to 3 

weeks. The failure of the binary system to sustain the drug release was justified by the system’s 
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phase separation at the physiological temperature, which led to a highly porous system. The 

elastic modulus of the ternary system was approximately 2 and 2.5 times that of the poloxamer-

HEC composite and poloxamers alone, respectively.  

2.6.1.4 Alginates  

Alginates are anionic mucoadhesive biocompatible polymers with strong mucoadhesive 

properties (224). The physical blending of alginate with poloxamer solutions can slow drug 

release from in situ forming gels by reducing erosion and increasing the residence time (50). 

Lin et al. reported that the alginates reduced the release of pilocarpine from poloxamers-based 

in situ forming gels in a concentration dependant manner due to an increase in gel strength and 

residence time following ocular administration (50). Chen et al. reported that blending alginate 

into P407 slowed the gel degradation (10% compared to 20% over 2 days for P407 system) 

and reduced the transdermal release rate of Selegiline (cumulative amount released was 32 

µg/cm2 compared to 44 µg/cm2 from P407) (225). Yuan et al. demonstrated that alginates 

significantly reduced the in vitro release of nimesulide from a rectal in situ forming gel (18% 

w/w P407) and improved its adhesion to the rectal membrane (51).  

2.6.1.5 Salts as additives 

Salts such as sodium chloride (NaCl) and sodium phosphate (mono or dihydrogen) crosslink 

with poloxamers and, therefore, significantly enhance the mechanical and mucoadhesive 

properties of developed gels (56,57,184,226). Studies have shown a 60-fold increase in gel 

strength and a 10-fold increase in mucoadhesive properties following the addition of sodium 

salts (56). The enhancement of mechanical properties is expected to reduce the drug release 

rate. However, studies have demonstrated that sodium salts may exhibit ‘pore-forming effects’ 

in aqueous environments due to their high-water affinity. Salts tend to diffuse out of the gel 
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matrix, leaving pores in the matrix, allowing media to enter the gel matrix and, thus, increasing 

drug diffusion and gel erosion rates (184). 

Yong et al. demonstrated that NaCl (1%) increased the gel strength of a P407-P188 liquid 

suppository by 67-fold. In addition, the mucoadhesive forces and retention inside the rabbit’s 

rectum increased proportionally with the NaCl concentration (57). The authors did not report 

the release profile; however, the longer rectal retention time is expected to contribute to 

sustaining the drug release profile. Yuan Y et al. observed that NaCl (1%) efficiently reduced 

nimesulide release rate from P407 (18%) based liquid suppository; cumulative drug release 

over 7 hours was reduced from 90 to 70% (51). Park et al. demonstrated that NaCl (0.8%) 

significantly increased the gel strength of the liquid suppository base (15% P407- 17% P188) 

and reduced the cumulative release over 6 hours from 50% to 25% (227). Likewise, NaCl (1%) 

sustained salbutamol sulfate release from P407 to 1 hour, compared to only 30 minutes from 

NaCl free formulation (228). On the other hand, the addition of NaCl (1%) to poloxamers-

based gels did not significantly alter the release of meloxicam from the binary system (P407-

P188) in the initial 3 hours, though, a faster release was observed afterward due to the ‘pore-

forming effect’ discussed above (184). Of note, the effect of NaCl concentration and system 

osmolarity should be considered during formulation development. Hypertonic formulations are 

likely to exhibit faster ‘pore-forming effect’, leading to faster gel erosion and higher drug 

release rate. In addition, they may cause and irritation (431).      

To conclude, the physical blending of additives is a successful approach for sustaining the drug 

release and improving the mechanical properties of poloxamers-based gelling systems. This 

approach can significantly reduce gel erosion by increasing gel strength. In addition, it may 

hinder drug diffusion rates because of the reduced network porosity. Furthermore, it might 

increase the residence time at the application site due to the enhancement of mucoadhesive 

properties by some additives. The enhancement of mucoadhesive properties makes this 
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approach suitable for mucosal applications such as ophthalmic, nasal, rectal and vaginal 

applications. The proper choice of the polymer type, molecular weight and concentration are 

critical in achieving the set goals without affecting formulation injectability, spread-ability or 

applicability. Physical blending is a suitable approach to sustain drug release from several 

hours up to a few days. Noteworthy, the duration of the release will vary with respect to the 

site of administration.  

2.6.2 Crosslinking with another polymer(s) 

The crosslinking of poloxamers with other polymers (Figure 2.7) is another approach for 

modulating the drug release from poloxamers-based in situ forming gels (Table 2.1). 

Crosslinking results in the preparation of compact gels with increased strength and reduced 

erosion (229,230). As shown in Figure 2.4, poloxamers have two hydroxyl groups at the chain 

ends. These reactive groups can be exploited for crosslinking with other polymers. The reaction 

can be triggered by a chemical agent or by photo-activation (photo crosslinking via UV 

exposure) (199). The impact of crosslinking on the overall gel properties is associated with the 

degree of crosslinking, which should be carefully considered as per the desired application 

(229,230). In addition, the safety of the crosslinker is equally important, particularly with long-

term exposure (231). 

The concentration of the additive polymer significantly affects the prolongation in drug release. 

Cho et al. demonstrated that, at fixed crosslinker concentration, the gel mechanical properties 

and ciprofloxacin release were associated with the HA concentration. The release profile was 

sustained for 5, 20 and 23 hours by adding 1.18%, 6.87% and 13.99% HA, respectively (207). 

Chun et al. demonstrated the impact of the degree of crosslinking on drug release rate from 

HA-P407 composite formulations. Gel formulations irradiated for 5 minutes and 20 minutes 

demonstrated 100% and 50% drug release, respectively, within 20 days (229). 
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Chung TW et al. used glutaraldehyde to crosslink chitosan with poloxamers, and demonstrated 

a significant reduction in the initial burst release of 5-fluorouracil with sustained release up to 

52 hours (230). These changes can be justified by the viscosity increment of crosslinked 

formulation (30-fold the viscosity of poloxamer solution) and the enhanced swelling ratio (13.2 

times the swelling ratio of non-cross-linked solution). Of note, the modulation in rheological 

properties and release pattern was associated with glutaraldehyde concentration (230). 

Similarly, crosslinking carboxymethyl chitosan with poloxamer by glutaraldehyde successfully 

prolonged the release of nepafenac for up to 80 hours (232). The photo crosslinking of chitosan 

and poloxamer through gamma radiation also enhanced the viscosity and mechanical strength 

of the composite formulation (233). Alginates can be crosslinked with poloxamers using 

calcium salts (biologically safe crosslinkers). Huang et al. demonstrated that adding calcium 

to the blend (poloxamer-sodium alginate-HPMC and iodixanol) significantly reduced the gel 

erosion over 5 hours from 100% to zero (234). In addition, the composite demonstrated better 

flowability at room temperature. Noteworthy, these effects were proportional to the calcium 

ion concentration (234). Likewise, Chen et al. demonstrated that grafting of alginate into 

poloxamer was more efficient in sustaining selegiline release compared to either their physical 

blend or P407 single system (225). Choi GJ et al. showed that a lidocaine-loaded poloxamer-

alginate-calcium chloride in situ forming gel significantly sustained its effect and provided 

control over the postoperative pain in mice compared to calcium-free formulation (235). 

To conclude, crosslinking of poloxamers with other polymers sustain the drug release via 

reducing the gel erosion and drug diffusion rates. In addition, the additive polymer may 

enhance the mucoadhesive forces and residence time. Depending on the degree of crosslinking, 

this approach might be suitable to extend the drug release over one to several days. Attention 

should be given to the safety of the crosslinker and the rheological properties of the final 

formulation. 
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Figure 2.7: Schematic representation of poloxamers chemical crosslinking with additive polymers; 

crosslinking occurs between the hydrophilic corona of poloxamer micelles and the additive polymer 

with the aid of a crosslinker, with a potential to increase the gel strength and hinder the drug diffusion. 

2.6.3 Incorporating particulates into poloxamers-based in situ gelling systems 

Encapsulating active drugs into micro or nanoparticles and dispersing them in poloxamer 

solutions (Figure 2.8) is another promising approach to sustain the drug release and combat the 

initial burst release from poloxamers-based in situ gelling systems (236). Various particulates 

carriers, such as nanoparticles (41,237–240), liposomes (241), microspheres (242) and 

microcrystals (243), have been employed for sustaining the drug release from poloxamers 

(Table 2.2). It has been observed that the gel matrix prevents the wettability of the drug-loaded 

particulates and thus consequently reduces the diffusion of the drug from these hybrid systems.  
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Table 2.1: Physical blending and chemical crosslinking formulation strategies to sustain the drug release from poloxamers-based in situ forming gels. 

Poloxamer(s) composition 

(% w/w) 

Additives (% w/w) Drug Route of 

Administration 

Modification/change in drug release profile Ref. 

Physical Blending  

P407 (15%)-P188 (10%) Hyaluronic acid (2%) Acyclovir Ophthalmic Reduction of in vitro cumulative release over 6 

hours from 50% to 20% 

(194) 

P407 (20%) Hyaluronic acid (1%) Piroxicam Intraarticular Reduction in In vitro cumulative release over 50 

hours from 50% to 20% 

(35) 

P407 (18%) Chitosan (0.1%) Selegiline 

hydrochloride 

Intra-nasal Sustain of release profile from 6 to 16 hours, 

with increased intranasal residence time 

(54) 

P407 (18%) Chitosan (0.5%) Metoclopramide 

hydrochloride 

Intranasal Sustain in release profile from 2.5 to 6.5 hours (215) 

P407 (20%)- P188 (1%) Chitosan (0.5%) Tacrine Intranasal Reduction in cumulative release over 90 minutes 

from 60% to 45% 

(216) 

P407 (17%) Chitosan (3%) Ketorolac Intravesical Sustain in release profile from 1 to 12 hours, with 

increased residence time 

(210) 

P407 (15%) Chitosan (0.33%) Ofloxacin Ophthalmic Reduction in cumulative release, over 1 hour, 

from 100% to 40% 

(211) 
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P407 (20%) Methylcellulose (4%) Etidronate Parenteral 

(intraplantar) 

Sustain in release profile from 5 days to more 

than 28 days 

(192) 

P407 (18%)- P188 (13%) Hydroxy ethylcellulose 

(0.5%) 

Ciprofloxacin Ophthalmic Reduction in the cumulative release, over 8 

hours, from 88% to 58% 

(222) 

P407 (20%) Alginate (0.1%) Pilocarpine Ophthalmic Sustain in release profile from 4 to 6 hours, with 

a significant increase in the AUC 

(50) 

P407 (20%) Alginate (0.63%) Selegiline Transdermal Reduction in cumulative amount released over 48 

hours, from 44 to 32 μg/cm2 

(225) 

P407 (18%) Alginate (0.5%) Nimesulide Rectal Only formulations containing alginate were 

retained inside the rabbit’s rectum without 

leakage and showed a reduced release rate. 

(51) 

P407 (15%)- P188 (17%) Sodium chloride (0.8%) Diclofenac sodium Rectal Reduction in the cumulative release, over 6 

hours, from 50% to 25% 

(227) 

P407 (17, 18 and 19%) Sodium chloride (1%) Salbutamol Buccal Sustain in the release profile from 30 minutes to 

1 hour 

 

 

 

 

(228) 
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Chemical Crosslinking 

P407 (20%) Hyaluronic acid (1.18, 

6.87 and 13.99%) 

ciprofloxacin Ophthalmic The release profile was sustained to 5, 20 and 23 

hours, compared to only 3 hours for the P407 

system 

(207) 

P407 (25%) Hyaluronic acid (1% 

w/v) 

Plasmid DNA Parenteral The release profile was sustained to more than 20 

days, compared to only 3 days for poloxamers 

(229) 

P407(18%)- P188 (15%) Chitosan (1.1%) 5-fluorouracil Intratumor The release profile was sustained from 5 to 52 

hours, with a significant reduction in initial burst 

release 

(230) 

P407 (5%) Carboxy methylcellulose 

(2.5%) 

Nepafenac Ophthalmic The release profile was sustained to 80 hours, 

compared to 24 hours for PBS/drug solution (no 

data provided for CMC free poloxamers. 

(232) 

 P407 (20%) Alginate * Selegiline Transdermal The cumulative amount released at 48 hours was 

reduced from 44 to only 14 µg/cm2. 

(225) 

P407* Alginate* Lidocaine Parenteral The crosslinked hydrogel significantly increased 

the time of postoperative pain control in rats for 8 

hours. 

(235) 

*Concentration is not reported.
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Slower drug diffusion rates could also be attributed to the presence of a double barrier offered 

by both particulate carrier and gel matrix.  

Various types of nanoparticles have been incorporated into poloxamers-based formulations for 

sustaining the release profile as lipid nanoparticles (237,238), poly (lacto-glycolic acid) 

(PLGA) nanoparticles (100) and heparin-chitosan nanoparticles (240). The anti-inflammatory 

effects of clodronate were significantly prolonged when drug-loaded chitosan nanoparticles 

were dispersed in poloxamer solution and administered intraarticularly (41). Küçüktürkmen et 

al. demonstrated that incorporating drug-loaded PLGA nanoparticles into chitosan (0.25%)-

P407 (18%) blend sustained the IA release of diclofenac up to 30 days compared to 1 and 5 

days for the nanoparticles and the blend respectively (175). Unfortunately, no gel erosion study 

was reported by the authors. Therefore, the exact mechanism behind prolonged drug release is 

unclear, and a question might be raised whether the drug was released while the gel maintained 

its integrity or the gel was eroded within 5 days as well. Similarly, paclitaxel-loaded 

nanocrystals dispersed in P407 demonstrated longer release profiles and intratumor residence 

time compared to drug-loaded nanocrystals or the marketed product Taxol® (Taxol is a 

paclitaxel non-aqueous solution for parenteral administration) (170). Clonazepam-loaded 

nanostructured lipid carriers dispersed in P407-SA composite significantly prolonged the onset 

of pentylenetetrazole induced convulsion by 1.5 times and the death time by 5 times compared 

to the control/placebo group in Swiss albino mice animal models (244). In addition, the loading 

of supramagentic iron oxide nanoparticles into this hybrid system further prolonged the onset 

time by 7.5 times and the death time by 14 times compared to the control group. Orasugh JT et 

al. demonstrated that cellulose nanocrystals and cellulose nanocrystals grafted collagen 

significantly sustained the release of pilocarpine and ketorolac tromethamine, respectively, 

from poloxamers-based in situ gelling systems (245,246). 
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Liposomes are commonly investigated nanocarriers in drug delivery. Their incorporation into 

poloxamer has been successfully employed for sustaining the drug release. Pachis et al. 

reported that a liposome-P407 (18% w/w) hybrid system significantly reduced the flurbiprofen 

release to 60% compared to 85% from poloxamer over 48 hours (241). In addition, the ocular 

residence time increased by 23% compared to liposomes alone or poloxamer alone and by 73% 

compared to drug solution. A hybrid system consisting of liposomes and poloxamers has also 

been employed to deliver the anti-cancer agent paclitaxel (247). Incorporating paclitaxel-

loaded liposomes into P407-P188 demonstrated slower release rates; 52% and 77% over 2 and 

5 days compared to 80% and 97% release from the drug-loaded liposomes over the same 

periods. Similar results were demonstrated in vivo; 41.61% of the drug was recovered from the 

tumor in the hybrid system group compared to only 3.7% from the liposome group after 2 days. 

Furthermore, better efficacy, higher local concentration and enhanced safety profile were 

achieved with the hybrid system.  

Similarly, microspheres have also been used in sustaining drug release from poloxamers-based 

matrices. Pontremoli observed that copper-containing bioactive glass microspheres loaded in 

poly ether urethane (chemically modified P407) sustained the release profile of copper to 2 

weeks compared to only 3 hours for the microspheres (248). On the contrary, a Eudragit RS100 

microspheres-P407 hybrid system did not significantly alter the in vivo release of 

roxithromycin (242); the microsphere released 79% compared to 75% drug release from the 

hybrid system over the same time period (168 hours). This may be due to the fast gel erosion, 

which resulted in rapid wetting of the microspheres. Unfortunately, the study didn’t report the 

concentration of P407, limiting the ability to draw conclusions from the study.  

Microcrystal dispersion in poloxamer solutions has been employed to prolong the drug release 

profile and improve its bioactivity. Yang et al. compared the hypoglycaemic activity of 

parenteral insulin solution, Lantus injection in hydrogel, insulin microcrystals in hydrogel and 
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coated insulin microcrystals in hydrogel (243). They demonstrated that insulin solution resulted 

in rabbits’ death which can be explained by the burst release of insulin and subsequent severe 

hypoglycemia. Coated insulin microcrystals in P407/SA or P407/HPMC resulted in prolonged 

hypoglycemia for more than 3 days, unlike the Lantus group, which showed hypoglycemia for 

only 4 hours followed by normal blood glucose for 20 hours. The results demonstrated that 

incorporating coated microcrystals and uncoated microcrystals in a hydrogel system is a 

promising strategy for controlling the release pattern.  

To conclude, incorporating drug-loaded particulates in poloxamers-based in situ gelling 

systems significantly prolonged the drug release profile. The release pattern can be finely tuned 

by controlling both poloxamers concentration and the particulate size and composition. This 

technique limits the degradation rate of the incorporated particulates by limiting their 

wettability. This approach is suitable for achieving drug release over several days to few weeks 

following intramuscular or subcutaneous injections.  

2.6.4 Modulating the molecular weight of poloxamers 

Despite the advantages of the various approaches discussed above to sustain drug release from 

poloxamer gels, they are limited by the significant increase in the formulation viscosity in the 

sol state (249). Consequently, they might not be the best choice for parenteral and ophthalmic 

administration. To improve the gel strength and achieve sustained/prolonged release without 

altering formulation viscosity, a new strategy has been introduced. This involves modulating 

the molecular weight of poloxamers by chemical synthesis of multi-block copolymers 

(189,250). This technique produces low viscosity poloxamers solutions for easy 

administration, transforming into strong gels at body temperature, with reduced drug diffusion 

and gel erosion rates (249–252). 
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Ahn et al. demonstrated that chemical modification of poloxamers (molecular weight; 31000 

g/mol) significantly reduced the erosion rates; only 15% erosion was observed over 3 weeks 

compared to complete degradation in less than 3 days for non-modified P407 (250). Likewise, 

the chemical modification of poloxamer 85 has increased the time required for complete 

erosion from 1 to 16 days (250). Similarly, Cohn et al. showed the erosion profiles could be 

tailored for up to 8 months by synthesizing poloxamers-based poly (ester urethane) copolymer 

in varying molecular weights (253).  

 

 

Figure 2.8: Schematic representation of potential mechanisms of drug release from drug-loaded 

particulate carriers incorporated in poloxamers-based gels; (A): Drug-loaded particulates are shielded 

from the external environment by the gel matrix. Pathway 1 occurs when the particulates maintain their 

integrity inside the gel matrix (B): Gel erosion and water influx into the matrix subjects particulates to 

the dissolution medium, (C): Particulates dissolute and drug is released. Pathway 2 occurs if the drug-

loaded particles dissolute at a faster rate than gel erosion, (D): Particulates dissolute leading to drug 

release inside the aqueous channels, (E): gel erosion causing the release of drug left in the matrix. 
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Table 2.2: Incorporation of drug-loaded particulates as a formulation strategy to sustain the drug release from poloxamers-based in situ forming gels.  

Poloxamer 

composition (% w/w) 

Particulate Drug Route of 

administration 

Modification/change in release profile Ref. 

P407 (30%)-P188 

(10%) 

Chitosan 

nanoparticles 

Clondronate Intraarticular Significant reduction in the release rate over the first 24 hours; composite 

formulation released only 40%, compared to 100% from poloxamers. 

(41) 

P407 (18%)-chitosan 

(0.25%) 

PLGA 

nanoparticles 

Diclofenac 

sodium 

Intraarticular The release profile was sustained from 5 to 30 days. (175) 

P407 (18%) Liposomes Flurbiprofen Ophthalmic Significant reduction in release rate; cumulative release over 48 hours was 

reduced from 85% to 60%, with increased ocular residence time by 23%. 

(241) 

P407 (20%)-P188 

(5%) 

Liposomes Paclitaxel Intratumor Cumulative release over 5 days was reduced from 97% to only 77%. (247) 

P127 (15%)-SA 

(0.75%) 

Liposomes Clonazepam Intra-nasal Prolonged the onset time of chemically induced convulsion in rats by 7.5 

and the death time by 14 times, compared to the control group. 

(244) 

Polyether urethane 

(chemically modified 

P407) 

Bioactive 

glass 

microspheres 

Copper Parenteral The release profile was sustained to 14 days, compared to only 3 hours for 

the microspheres alone. 

(248) 

P407 (20%)-P188 

(9%)-SA or HPMC 

(2%) 

Microcrystals Coated 

crystalline 

insulin 

Subcutaneous Hypoglycaemia extended for 3 days, compared to only 10 hours for the 

hydrogel/insulin group 

(243) 
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Chung HJ demonstrated that multi-block poloxamers linked by D-lactide and L-lactide 

oligomers reduced the erosion rate and sustained the release of human growth hormone (hGH) 

over 13 days compared to only one day for the non-modified poloxamer (254). Likewise, 

Sosnik A et al. reported increased gel strength, slowed degradation rate, and a prolonged 

release profile to more than two weeks by ethoxy silane capping of P407 (174).  

Modulation of poloxamer molecular weight by chemical synthesis is a promising strategy to 

achieve sustained drug release over several weeks. The superior advantage of this technique is 

the possibility of maintaining the low viscosity and formulation flowability at room 

temperature, which allows for ease of administration. Further studies are required to evaluate 

the in vivo safety and efficacy of this approach.  

2.6.5 Enhancing drug-poloxamer interaction  

Enhancing the physical and/or chemical interactions between the drug moiety and poloxamers 

can be an effective approach in retarding the fast drug diffusion and limiting the initial burst 

release associated with poloxamers-based in situ gel systems (255). Gilbert et al. demonstrated 

that more hydrophobic drug moieties have lower diffusion coefficients as compared to the less 

hydrophobic ones (177). This could be attributed to the enhanced drug-micellar interaction, 

increasing the energy required to break down the drug and polymer's physical or chemical 

bonds, thus slowing drug diffusion. This advantage can be further exploited for sustaining drug 

release from poloxamers-based gels. 

Drug-poloxamer interactions can be enhanced by varying the drug chemical form. Margarita 

and Cecile et al. demonstrated that the loaded drug's hydrophilic/lipophilic balance alters the 

micellar growth and the drug position with respect to the micellar arrangement (256). The gel 

matrix consists of micelles arranged compactly with aqueous channels in between, as shown 

in Figure 2.5. The drug molecules partition between these compartments based on their 
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lipophilic/hydrophilic balance; more water-soluble drugs (salt form) tend to stay in the 

hydrophilic corona of the micelles and diffuse readily through the aqueous channels to the 

external environment. On the contrary, drugs with higher lipophilic properties demonstrate 

higher affinity toward the micelle core, thus it will be shielded from the external environment, 

and the drug release from a gel matrix will be a function of its erosion rate.  

Drug chemical structure and its potential to interact with poloxamers might be considered. 

Drug moieties with larger organic components/more cyclic rings tend to concentrate into the 

micellar core. The research team demonstrated that intermolecular interactions between 

poloxamers and lidocaine contributed to sustaining its release for 3 days (43).   

Hence it is hypothesized that enhancing the intermolecular interaction between drug and 

poloxamers might be a promising strategy to reduce the initial burst release and retain the drug 

inside the gel matrix for longer periods. Future studies are required to test this hypothesis and 

assess its benefits. 

2.7 Conclusion  

Postoperative pain and reduced mobility are the major complications of KA. They significantly 

reduce patient satisfaction and ability to actively participate in rehabilitation programs, and 

therefore, extend the time to full recovery. Intraarticular administration of BH and KT can be 

used to successfully manage postoperative pain. Yet, pain relief is short-lived due to rapid drug 

elimination, attributed to the highly porous nature of the synovial membrane. Poloxamers-

based in situ forming gels are promising platforms for intraarticular drug delivery. Nonetheless, 

their rapid erosion and fast drug diffusion are significant challenges toward sustained drug 

release. An in-depth literature analysis demonstrated that tuning the drug release profile of 

poloxamers-based in situ forming gels is achievable via several formulation strategies. These 

findings suggested that poloxamers-based in situ forming gels are promising platforms to 
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achieve sustained intraarticular delivery of BH and KT, and have the potential to offer 

prolonged analgesia following a single administration.           
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3.1 Declaration  

A considerable part of this chapter has been published as:  

Abdeltawab H, Jagdish K. Jaiswal, Simon W Young, Darren Svirskis, Andrew Hill, Manisha 

Sharma. The Stability and Compatibility of Admixtures Containing Bupivacaine 

Hydrochloride and Ketorolac Tromethamine for Parenteral Use. European Journal of Hospital 

Pharmacy. 2021 Oct 18;ejhpharm-2021-003003.  It has been reused with permission from 

British Medical Journal, and can be accessed at   

https://ejhp.bmj.com/content/early/2021/10/17/ejhpharm-2021-003003   

Abdeltawab H, Bolam SM, Jaiswal JK, McGlashan SR, Young SW, Hill A, et al. In Situ 

Gelling System for Sustained Intraarticular Delivery of Bupivacaine and Ketorolac in Sheep. 

European Journal of Pharmaceutics and Biopharmaceutics. 2022 Mar 29; 174:35-46. It has 

been reused with permission from Elsevier, and can be accessed at    

https://www.sciencedirect.com/science/article/abs/pii/S0939641122000601  

3.2 Background  

Reliable analytical methods are indispensable tools in the development and evaluation of 

pharmaceutical formulations. They are necessary to determine the drug concentration at 

various formulation development stages. The choice of the analytical technique depends 

mainly on the sample complexity and required sensitivity. Whereas HPLC is routinely 

employed to demonstrate the formulation in vitro performance and stability, the LC-MS 

technique is commonly used to quantify the drug levels in complex matrices, such as plasma, 

attributed to its higher sensitivity and selectivity (257).     

Stability indicating analytical methods are defined as validated analytical methods that can 

accurately quantify the drug/analyte of interest without the interference of degradation 

https://ejhp.bmj.com/content/early/2021/10/17/ejhpharm-2021-003003
https://www.sciencedirect.com/science/article/abs/pii/S0939641122000601
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products, impurities or excipients (258). They are essential in drug formulation development 

and characterization. In addition, they are listed as a requirement in the regulatory guidelines 

such as The International Conference on Harmonization (ICH) and The United States 

Pharmacopeia (USP) for the study of parameters that could modify the stability of the active 

pharmaceutical ingredients (259). A common approach to establish stability indicating 

analytical method is to apply the developed method to forcefully degraded samples of the 

analyte.  

Forced degradation studies involve testing the drug substance, solution or product when 

subjected to harsh stress conditions (260). They play a crucial role in identifying the potential 

degradation mechanisms and products. Therefore, the primary goal of conducting forced 

degradation studies is to design optimal storage conditions of the developed formulation (260). 

In addition, they are crucial to demonstrate the validity of the analytical method to quantify 

drug concentration in the presence of its potential degradants. Contrary to long-term stability 

studies (12 months) and accelerated stability studies (3 to 6 months), forced degradation studies 

are completed in few weeks (260). The regulatory recommendations are to include oxidative, 

hydrolytic, photolytic and thermal degradation conditions (260). Though there are no standard 

limits by the regulatory bodies, it is recommended to conduct the studies until 5% - 20% of the 

substance is degraded or for seven days, whichever occurs first (260).  

LC-MS/MS method is a powerful hyphenated analytical technique combining the separation 

power of HPLC and the strong analytical properties of mass spectrometry (257). LC-MS/MS 

is superior to HPLC in many aspects, such as method sensitivity and separation capacity (261). 

Therefore, it is commonly used for quantifying the analytes of interest in complex matrices 

such as plasma and body fluids. LC-MS/MS technique is helpful in pharmacokinetics and 

toxicology studies (261).   
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Several HPLC methods were reported for the determination of BH alone (262–266), or in 

combination with other therapeutics such as LA (267–270), ketamine (271), dexamethasone 

(272), fentanyl citrate (273) (274), adrenaline (275), fentanyl and adrenaline (276), fentanyl 

and epinephrine (277), ziconotide (278), morphine (279) and morphine and clonidine 

hydrochloride (280). Likewise, several methods have been published for the determination of 

KT alone (281–285) and in combination with other therapeutics as moxifloxacin (286,287), 

ofloxacin (288) and gatifloxacin (289). Nonetheless, the literature screening indicated that there 

is no published method available for the simultaneous determination of BH and KT. Besides, 

the validity of any of these methods to quantify BH and/ or KT in the presence of poloxamers 

has never been demonstrated.   

The literature screening demonstrated several reports on the quantification of BH in sheep 

plasma (290–296). Yet, the validity of any of these methods to quantify BH in synovial fluids 

is not reported. On the other hand, no methods for determining KT in sheep plasma are 

described in the literature. In addition, no reports on the simultaneous extraction and 

determination of BH and KT from biological samples are available in the current literature.    

The initial goal of this project was to develop poloxamers-based in situ gelling formulations 

for the sustained delivery of BH alone. Therefore, it was essential to establish a reliable 

analytical method to determine BH in the presence of poloxamers. After that, KT was included 

as it was hypothesized to synergize the analgesic effect of BH. Consequently, a reliable 

analytical method to simultaneously quantify BH and KT was required. Finally, the in vivo 

performance of the developed formulations was evaluated in a sheep model. Therefore, a highly 

sensitive and selective analytical method, such as LC-MS/MS, was required to quantify both 

drugs in complex biological matrices, such as plasma and synovial fluids. 
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3.3 Chapter aims  

The aims of this chapter were to develop reliable analytical methods for the quantification of 

BH and KT in relevant media. The specific objectives of this chapter were to:  

1. Develop a stability indicating HPLC method for the quantification of BH in 

poloxamers-based gels. 

2. Develop a stability indicating HPLC method for simultaneous quantification of BH and 

KT, in poloxamers-based gels. 

3. Develop an LC-MS/MS method for the quantification of BH and KT in sheep plasma.    

3.4 Materials    

BH and KT were sourced from Jai Radhe Sales, India. Lidocaine and ketoconazole were 

purchased from Sigma Aldrich, New Zealand. SN38405 was provided by the Auckland Cancer 

Society Research Center, the University of Auckland. Phosphate-buffer saline tablets were 

purchased from Sigma-Aldrich, USA. Water used in various preparations was obtained by 

reverse osmosis (18 MΩ.cm, Millipore, Darmstadt, Germany) of demineralized water. All 

solvents and reagents used in HPLC analysis were of analytical grade, and those used in LC-

MS/MS analysis were of LC-MS grade. Human plasma samples were obtained from the New 

Zealand Blood Service, Auckland (Ref is 2017/16 Ethics ref - 018985I). Blank sheep plasma 

was obtained from an animal study approved by the University of Auckland Animal Ethics 

Committee (approval number 002123). Animal handling and specimen withdrawal were 

conformed to the ARRIVE guidelines (297). 

3.5 Instrumentation and chromatographic conditions  

The HPLC system used in this study was Agilent series 1200 HPLC system comprising of a 

quaternary pump, an autosampler and a photodiode array (PDA) detector (Agilent Corporation, 
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Waldbronn, Germany). Instrument control and data acquisition were by ChemStation software 

(Agilent Corporation). A kinetics C18 ODS, 250 × 4.6 mm i.d., and 5 μm particle size 

(Phenomenex, USA) was used at ambient temperature. Biochrom Libra UV spectrophotometer 

(Libra S32, Biochrom Libra Instrument, UK) was used for obtaining analytes' UV spectra. 

The LC-MS/MS system used in this study was Agilent 1200 series RP-HPLC (Agilent 

Technologies®, Santa Clara, California) coupled with Agilent 6460 series triple quadrupole 

mass spectrometer equipped with jet stream electron spray ionization source (Agilent 

Technologies). Chromatographic separation was achieved using a Phenomenex® Gemini 

column (5 μm C18 110 Å, 150 × 3.00 mm) protected with a Phenomenex Gemini C18 guard 

column (4 × 2 mm ID). Data were acquired and analyzed using Agilent MassHunter software. 

The temperature was maintained at 5 ℃, and the injection volume was set to 40 µL. 

3.6 Methods 

3.6.1 Stability indicating HPLC method development for the determination of 

bupivacaine hydrochloride (BH) 

During HPLC method development, it is crucial to identify chromatographic conditions that 

achieve satisfactory peak resolution, symmetry and sensitivity in a reasonable time. An HPLC 

method was optimized in regards to detection wavelength, mobile phase composition and pH. 

A UV spectrum of BH was recorded over the wavelength range of 200 - 400 nm, and the 

wavelength of maximum absorbance was used for its quantification. Then, various ratios of 

mobile phase components (potassium phosphate buffer, acetonitrile, and methanol) were 

studied at different pH conditions (namely 3.45, 4.5, 5.5, 5.9 and 6.15). Chromatographic 

conditions that achieved satisfactory peak resolution and symmetry in a reasonable time were 

selected for method validation.   
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3.6.1.1 Method validation  

The developed analytical method was validated to ensure its suitability for the intended 

purpose, according to the ICH guidelines for linearity & range, specificity, accuracy, precision 

and lower limits of detection and quantification (298). 

• Linearity and range  

A stock solution was prepared by transferring an accurately weighed 10 mg of BH powder to 

a 25 mL volumetric flask containing 20 mL of Milli-Q water. The flask was shaken to complete 

drug dissolution, and the volume was completed to the mark by Milli-Q water. The stock 

solution was diluted to prepare two working solutions (200 and 2 µg/mL). Serial dilutions of 

the working solutions were made to prepare concentrations of 100, 50, 25, 12.5, 6.25, 3.125, 

and 1, 0.5, 0.25, 0.2, 0.1 µg/mL in triplicates. The prepared concentrations were analyzed using 

the developed HPLC method. A plot of the obtained responses (peak area) against the analyte 

concentration was constructed. Regression coefficient (R2), slope and intercept were 

determined by linear regression analysis. 

• Specificity  

The method specificity was demonstrated by testing BH peak purity using the data acquisition 

by ChemStation software (Agilent Corporation, Germany) for freshly prepared samples. The 

threshold was set to 99.99%; a peak with a purity index of ˃ 99.99% is deemed pure (299).  

• Accuracy  

The method accuracy was assessed by determining three replicates of three different 

concentrations (10, 50, and 70 µg/mL). The concentrations were calculated using the 

constructed calibration curve. The closeness of the obtained results to their true values 

(accuracy coefficient) was determined as per equation 1.  



57 
 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 = (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)/(𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛) ∗ 100      (1) 

• Precision  

The method repeatability was measured by comparing six determinations of the homogenous 

sample (50 µg/mL), and the relative standard deviations (RSD) among the drug responses (peak 

area) and retention times were calculated. The intermediate precision (ruggedness) was tested 

by determining one sample (30 µg/mL) over three different days, at the same analytical 

conditions. The RSD in between the obtained results was calculated.  

• Limit of detection and limit of quantification 

Lower limits of detection (LOD) and quantification (LOQ) were determined by signal/noise 

ratios using the data acquisition by ChemStation software (Agilent Corporation, Germany). A 

concentration that achieves a signal/noise ratio of 3 was considered as LOD, whereas a ratio of 

10 was considered acceptable for estimating the LOQ (298).   

3.6.1.2 Forced degradation studies of BH  

The stability of BH solution (1mg/mL) was studied under various stress conditions; namely 

neutral (H2O), oxidative (3% v/v H2O2), alkaline hydrolytic (1N NaOH) and acidic hydrolytic 

(1N HCL) at 60oC. Methanol was used (1:1 ratio) as a cosolvent in the alkaline and acidic 

media (260), due to limited BH solubility in strongly acidic and alkaline media (139). Aliquots 

(200 µL) were withdrawn at specified time points (zero, 0.5, 1, 1.5, 2, 3, 5 and 7 days), and 

immediately neutralized to stop further degradation (alkaline sample was neutralized by 1N 

HCl, whereas 1N NaOH was used to neutralize acidic samples). Volumes were made up to 600 

µL by potassium phosphate buffer (20 mM, pH 6.15) and stored at -20 ℃ until analysis. All 

samples were filtered through 0.22 µm membranes before analysis. 
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3.6.1.3 Method application to quantify BH in poloxamers-based gels  

An in situ gelling system was prepared using poloxamer 407 (23% w/w) and poloxamer 188 

(5.5% w/w) by the cold method (300). The system was then loaded with BH (1% w/w) and 

stirred at 4 ℃ until complete dissolution was achieved. A known quantity (1 g) of the drug-

loaded formulation was transferred into a volumetric flask, and volume was made to 100 mL 

by Milli-Q water and stirred until complete dissolution. Aliquots were withdrawn, 

appropriately diluted with the mobile phase, filtered through 0.22 µm membranes and analyzed 

using the developed HPLC method. The recorded HPLC chromatograms were checked for any 

co-elution (using the peak purity test), and the accuracy coefficient of the calculated BH 

concentration was determined as per equation 1 (section 3.5.1.1).  

3.6.1.4 Method application to determine saturation solubility limit of BH in Milli-Q water 

and PBS (pH 7.4) 

Briefly, an excess amount of BH (1.25 g) was transferred into two tubes containing 5 mL Milli-

Q water and PBS, respectively. Tubes were kept under continuous stirring, and aliquots were 

withdrawn at 1, 2 and 3 days. Aliquots (50 µL) were then diluted with the mobile phase, filtered 

through 0.22 µm membranes and analyzed using the developed HPLC method.  

 

3.6.2 Stability indicating HPLC method development for the simultaneous determination 

of bupivacaine hydrochloride (BH) and ketorolac tromethamine (KT) 

Since KT was included in the formulation, it was essential to develop an HPLC method for 

simultaneous detection of BH and KT. The method was optimized with respect to the 

wavelength of detection, mobile phase composition and pH to identify chromatographic 

conditions that achieve satisfactory peak resolution in a reasonable time. A UV spectrum was 
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obtained for both BH and KT, to identify their wavelengths of maximum absorbance. Various 

ratios of mobile phase components (potassium phosphate buffer- acetonitrile and methanol) 

were studied at different pH conditions (namely 3.45, 4.50, 5.50, 5.90, 6.15 and 10.20), and the 

optimized chromatographic conditions were selected for method validation. 

3.6.2.1 Method validation 

The developed method was validated in accordance with ICH guidelines in terms of linearity, 

range, specificity, accuracy, precision (repeatability and intermediate precision), LOD and 

LOQ (298).  

BH and KT stock solutions were prepared by transferring a known amount (10 mg) of each 

analyte to a 25 mL volumetric flask containing 20 mL Milli-Q water. The flasks were shaken 

until complete dissolution of the analytes, and the volumes were completed to the mark by the 

same diluent. Equal volumes of each solution were mixed to prepare a mixture containing 200 

µg/mL of each analyte. Appropriate dilutions of the analyte’s admixture were made using 

potassium phosphate buffer (50 mM, pH 5.5) to prepare serial concentrations of 100, 50, 25, 

12.5, 6.25, 3.125, 1, 0.5, 0.25, 0.2 and 0.1 µg/mL of BH and KT. All concentrations were made 

in triplicates and analyzed by the developed HPLC method. A plot of the obtained responses 

(peak area) against the analyte concentration was constructed, and the regression coefficient 

was determined. 

Further validation studies were completed as described above (section 3.5.1.1). The method 

selectivity was assessed by calculating the peaks purity against a set threshold (99.99%). The 

method accuracy was tested by quantifying three known concentrations (10, 50 and 80 µg/mL 

of each drug) and comparing the calculated and nominal concentrations. The precision was 

determined in terms of repeatability and ruggedness, whereas the LOD and LOQ were 

calculated using the signal/noise ratios, as described above.   
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3.6.2.2 Forced degradation studies of BH and KT admixtures  

The stability of BH/KT admixtures was determined under hydrolytic (acid/base) and oxidative 

stress conditions. Mixtures of BH (2.5 mg/mL) and KT (1 mg/mL) were prepared in Milli-Q 

water, 1N HCl, 1N NaOH and 3% H2O2, and stored at 60 ℃ (301). Aliquots (250 µL) were 

withdrawn at specified time points (zero, 0.5, 1, 1.5, 2, 3, 5 and 7 days), and immediately 

neutralized to stop further degradation (alkaline sample was neutralized by 1N HCl, whereas 

1N NaOH was added to neutralize acidic samples). The volume was made to 1500 µL by 

potassium phosphate buffer (50 mM, pH 5.5) and stored at -20 ℃ until analysis. Aliquots were 

filtered through 0.22 µm membranes and analyzed using the described HPLC method. The 

study was carried out on BH/KT admixture and their individual solutions, to identify the 

influence of admixing on the degradation profiles. 

3.6.2.3 Method application to quantify BH and KT in poloxamers-based gels  

A poloxamers-based in situ gelling system was prepared as described under section 3.6.1.3, 

and loaded with 1% w/w of both BH and KT (300). An accurately measured amount of the 

drug-loaded formulation (1 g) was transferred into a volumetric flask, and volume was 

completed to 25 mL by Milli-Q water and stirred until complete dissolution. Aliquots were 

withdrawn, diluted with the mobile phase, filtered through 0.22 µm membranes and analyzed 

using the developed HPLC method.  

3.6.2.4 Method application to quantify BH and KT in human plasma  

The developed HPLC method was applied for the simultaneous quantification of BH and KT 

in human plasma.  
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• Optimization of extraction protocol 

The extraction efficiency of acetonitrile, methanol and ethanol was determined to identify an 

organic solvent that can efficiently extract both BH and KT. Briefly, blank plasma samples 

were dopped with the drug mixture at 3 µg/mL of both analytes, and the specified organic 

solvents were spiked with the internal standard lidocaine at a fixed concentration (1 µg/mL). 

The drug-spiked plasma (200 µL) was then vortexed with organic solvent (five-fold each) for 

10 minutes. The samples were centrifuged, the supernatant was withdrawn, and vacuum dried. 

The residue was dissolved in potassium phosphate buffer (50 mM, pH 5.5), and analytes of 

interest were determined. The % recovery was calculated by comparing the average response 

(analyte/ internal standard response) in both plasma and plasma-free samples at the same 

concentration levels. The solvent with the highest extraction efficiency was chosen for further 

method development.  

The extraction protocol was further optimized by studying the effect of incubation time on the 

extraction efficiency. Briefly, a blank plasma sample (200 µL) was spiked with BH/KT 

admixture at 3 µg/mL, vortexed with a five-fold volume of acetonitrile (selection based on the 

highest extraction efficiency determined in the previous step) and incubated at 4 ℃. At the 

specified time points (10, 30 and 60 minutes), a known volume (300 µL) of the supernatant 

was withdrawn and dried under vacuum. The residue was redissolved in 30 µL of potassium 

phosphate buffer (50 mM, pH 5.5) and analyzed by the validated analytical method.  

• Internal standard  

Blank and BH/KT-loaded plasma samples were spiked with either lidocaine or diclofenac 

sodium at a fixed concentration (1 µg/mL). In addition, aqueous solutions of lidocaine and 

diclofenac sodium were prepared. Samples were analyzed using the developed HPLC method. 

The recorded chromatograms were inspected for peaks resolution and purity.  
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• Linearity, range, selectivity and accuracy  

To determine the method linearity in plasma samples, serial dilutions of spiked plasma samples 

(200, 400, 800, 1600 and 3200 ng/mL for both analytes) were vortexed with a five-fold volume 

of acetonitrile loaded with lidocaine (1 µg/mL) and processed as above. Calibration curves 

were constructed by plotting the ratio of drug/lidocaine peak areas against drug concentrations, 

and the regression coefficient (R2) and the equations describing the calibration curves were 

determined. The method selectivity was determined by testing the purity of BH, KT and the 

internal standard, lidocaine, peaks obtained from analysis of a spiked plasma sample. 

Quality control (QC) samples were prepared by spiking blank plasma with known 

concentrations of the drug mixture to prepare spiked plasma at three levels; high (3000 ng/mL), 

medium (1000 ng/mL) and low (300 ng/mL). The spiked samples were processed as described 

above. BH and KT concentrations were calculated using the constructed calibration curve, and 

the accuracy coefficients were determined as per equation 1 (section 3.5.1.1).   

3.6.2.5 Method application to study the stability of BH and KT admixture in PBS and 

common parenteral fluids 

The chemical stability of BH/KT admixtures was investigated in PBS and commonly used 

parenteral fluids, namely Ringer’s solution, normal saline, and dextrose (5% w/v). The stability 

of the admixtures was assessed in polypropylene tubes (Eppendorf, Germany) and glass vials 

at ambient temperature (20 ℃ ± 2) for six weeks (302,303). Briefly, fresh stock solutions of 

BH (40 mg/mL), KT (20 mg/mL) and selected parenteral fluids were prepared. Accurately 

measured volumes of the stock solutions (250 µL of BH and 100 µL of KT) were transferred 

into 20 mL volumetric flasks, and the volumes were adjusted with the specified parenteral fluid 

to prepare admixtures of BH (0.5 mg/mL) and KT (0.1 mg/mL) (304). Aliquots were 

withdrawn at day zero, 1, 3, 5, 7, 14, 21, 28, 35 and 42 days, diluted with potassium phosphate 
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buffer (50 mM, pH 5.5) and stored at –20 ℃. The collected samples were analyzed using the 

developed HPLC method. Samples were also checked for pH and visual changes. The pH of 

both drug-free and drug-loaded solutions was determined at day zero and at the end of the study 

period (i.e. 42 days). The admixture was considered stable if it retained at least 90% of the 

drugs’ initial concentrations (302).  

 

3.6.3 LC-MS/MS method for the simultaneous determination of BH and KT in sheep 

plasma  

3.6.3.1 Preparation of primary stock and working solutions  

Primary stock solutions of BH, KT and the internal standard ketoconazole (KZ) were prepared, 

individually, in dimethyl sulfoxide (DMSO) at a concentration of 1 mg/mL and stored at -20 

℃. Working solutions were made by appropriate dilutions of the stock solutions with DMSO 

to prepare three working solutions, solution A contains 30 µg/mL each of BH and KT, solution 

B contains 15 µg/mL each of BH and KT, and solution C contains 20 µg/mL each of BH and 

KT, respectively. Solutions A and B were used to prepare the calibration standard, whereas the 

quality control (QC) concentrations were prepared using solution C. A working solution of KZ 

was prepared by appropriate dilution of the stock solution with acetonitrile to prepare a solution 

of 0.3 ng/mL and kept in dry ice.  

3.6.3.2 Preparation of standard calibration and quality control concentrations  

To prepare the calibration standard concentrations, 10 µL of solution A was vortexed with 90 

µL of blank sheep plasma, and 10-fold dilutions were made to prepare standard concentrations 

of 3000, 300, 30 and 3 ng/mL of BH and KT. Similarly, 10-fold dilutions of solution B were 

made to prepare standard solutions containing 1500, 150 and 15 ng/mL of BH and KT. To 
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prepare quality control samples, 10-fold dilutions of solution C were made to prepare solutions 

containing 2000, 200 and 20 ng/mL of BH and KT.  

3.6.3.3 Sample treatment  

A single-step extraction protocol was employed for its simplicity. Briefly, accurately measured 

volumes (20 µL) of plasma samples were vortexed with 80 µL of acetonitrile containing KZ 

(0.3 ng/mL) for 5 minutes at 7000 rpm, and centrifuged for 5 minutes at 13000 rpm at ambient 

temperature. The supernatant (40 µL) was withdrawn and diluted with 40 µL of 0.1% formic 

acid/water. Finally, 40 µL of this solution was injected into the LC-MS/MS system for analysis.  

3.6.3.4 Method development  

An analytes’ fragmentation study was carried out to identify the precursor and qualifier 

fragments of BH and KT. This was followed by optimizing the chromatographic conditions to 

achieve satisfactory peak resolution in a reasonable run time.  

The chromatographic conditions were as follows; source parameters: gas temp: 250 °C; gas 

flow: 7 L/min; nebulizer: 45 psi; sheath gas temp: 350 °C; sheath gas flow: 12 L/min. Capillary 

voltage: 3000 V (positive) and 2500 V (negative); nozzle voltage: 2000 V. 

3.6.3.5 Method validation 

• Linearity and range  

The linearity was demonstrated using a sample run composed of a blank sample, a zero sample 

(blank sample spiked with the internal standard) and the prepared calibration standards. The 

calibration curves were constructed by plotting the mean ratio of each analyte’s response/KZ’s 

response against the analyte’s concentration, and a weighted linear regression method (1/x2) 

was implemented (305).  
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• Selectivity  

The selectivity was demonstrated by comparing the response of six replicates of blank sheep 

plasma, obtained from four different sheep, with a plasma sample spiked with BH/KT at the 

LOQ.  

• Accuracy and precision  

QC samples at three concentrations, high (2000 µg/mL), medium (200 µg/mL) and low (20 

µg/mL), were determined in triplicates, and the accuracy coefficients were calculated as per 

Equation 2 (section 3.5.1.1). The percentage coefficient of variation (% CV) in-between the 

three determinations was calculated and presented as the method precision.  

• Carryover  

The carryover was assessed by determining two blank plasma samples after the highest 

calibration standard (3000 ng/mL).  

• Lower limit of quantification 

Samples, 0.003, 0.3, 3 and 6 ng/mL, were analyzed in triplicates. LOQ was defined as the 

lowest detectable concentration with a signal/noise ratio of 10, with a precision (RSD) ≥ 20% 

and accuracy coefficients ≤ 20% (306).  

• Autosampler stability  

The autosampler stability was established by analyzing three QC samples at three levels: low 

(20 ng/mL), medium (200 ng/mL) and high (2000 ng/mL). The samples were kept in the 

autosampler tray at 4 ℃, and re-analyzed after 24 hours.  
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3.6.4 Data analysis 

All the measurements were performed in triplicate, unless specified, and the data is presented 

as mean ± SD.  

3.7 Results and discussion 

3.7.1 Stability indicating HPLC method development for the determination of 

bupivacaine hydrochloride (BH) 

Analytical method optimization is an essential step to ensure adequate method sensitivity, 

satisfactory peak shape and resolution within a reasonable run time. The UV spectrum of BH 

is shown in Figure 3.1A. As presented, BH exhibited high UV absorbance within the 

wavelength range of 200-220 nm. Though BH demonstrated highest absorbance at 200 nm, a 

wavelength of 210 nm was chosen for satisfactory method selectivity, as many HPLC solvents 

such as methanol, acetonitrile and potassium phosphate buffers, absorb at 200 nm (307).  

Modifying the mobile phase composition and pH is a practical tool to tune the method 

selectivity, sensitivity and run time. Initially, a mobile phase composed of potassium phosphate 

buffer (20 mM, pH 6.15) and acetonitrile (74:26 v/v) was used to quantify BH (308). 

Nonetheless, BH was eluted at a relatively long time (˃ 20 minutes). Therefore, methanol was 

introduced to the mobile phase to increase the drug's affinity toward the mobile phase and 

reduce the elution time. As presented in Table 3.1, increasing the ratio of methanol reduces the 

BH retention time, attributed to the high BH solubility in alcohols (309). A mobile phase 

composed of potassium phosphate buffer (20 mM, pH 6.15): acetonitrile: methanol (25:35:40) 

was chosen for further development for its satisfactory peak symmetry and reasonable retention 

time. 
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Likewise, varying the pH of the mobile phase is likely to alter the elution of ionizable salts 

such as BH. It was observed that reducing the pH from 6.15 to 3.45 has reduced the drug elution 

time from 6.7 to 2.8 minutes. This could be attributed to the pH-dependant solubility of BH 

(139). Though the run time was short at lower pH, the recorded peak was of poor symmetry. A 

pH of 6.15 was chosen as it achieved satisfactory peak resolution, peak symmetry and retention 

time (6.7 minutes). In addition, the selected pH is lower (>2 points) than the pka of BH (8.24) 

(139)), which ensures that the drug is present mainly in one form; the non-ionized form. The 

optimized chromatographic conditions are shown in Table 3.2. 

Table 3.1:Results of mobile phase optimization, showing an inverse relationship between methanol 

ratio and bupivacaine hydrochloride (BH) retention time.   

Mobile phase* Retention time (minutes) Peak resolution Peak symmetry 

20:30:50 5.2 3.1 2 

20:40:40 5.0 Split 1.12 

25:35:40 6.7 4.7 0.91 

30:30:40 8.9 3.03 0.96 

30-35-35 8.4 ≥ 5 0.91 

35:25:40 10.5 3.1 0.97 

40:30:30 13.7 ≥ 5 0.96 

40:40:20 10.65 Co-elution 0.97 

60:30:10 19.8 ** - 

*: potassium phosphate buffer (20 mM, pH 6.15): acetonitrile: methanol and **: BH was not eluted in 20 minutes. 

Table 3.2: Optimized chromatographic conditions of the developed HPLC method. 

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 (20 mM, pH 6.15): acetonitrile: methanol 

(25:35:40) 

Flow rate  1.0 mL/minute 

Injection volume  10 µL 

Detector  Diode array detector (DAD) 

Detection wavelength  210 nm 
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3.7.1.1 Method validation 

• Linearity and range  

The linearity of the analytical method measures its ability to get results directly proportional to 

the analyte concentration within a given range, and the range is the interval between upper and 

lower concentrations within which the analytical method demonstrates acceptable levels of 

precision, accuracy and linearity. As presented in Figure 3.1B, the constructed calibration curve 

demonstrated a regression coefficient (R2) of 0.9999 over the range 0.5 to 100 µg/mL, 

suggesting the acceptable method linearity over the specified concentration range.  

• Specificity  

The method specificity measures its ability to accurately determine the analyte of interest in 

the presence of potential impurities. The visual inspection suggested no co-elution of any 

interferent with BH peak (Figure 3.1C). The peak purity analysis showed that the purity indices 

of BH peak were above the set threshold, indicating their purity (Figure 3.1D). The overlapping 

spectra demonstrated an excellent level of similarity.  

• Accuracy  

The accuracy of the analytical method describes the closeness of the obtained values to the true 

value. ICH recommended 9 determinations covering at least 3 concentrations to be carried out. 

The method is to be acceptable if the calculated concentration is within ± 2% of the nominal 

concentration (310). As presented in Table 3.3, the mean calculated concentration ranged from 

98.0 to 99.0% of the nominal concentration, suggesting the method compliance with the ICH 

criteria.  
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Figure 3.1: Results of method development and validation, showing (A) the UV spectrum of 

bupivacaine hydrochloride (BH) over the wavelength range of 200-400 nm, (B) the calibration curve of 

BH, (C) recorded HPLC chromatogram at the optimized chromatographic conditions, showing the 

excellent resolution of BH peak, and (D) peak purity index, showing the purity of BH peak. The results 

show that BH exhibits high absorbance over 200- 220 nm, and show the satisfactory method specificity 

and linearity in the concentration range of 0.5-100 µg/mL.  

Table 3.3: Results method accuracy testing, showing the excellent accuracy of the developed method 

Nominal 

concentration 

(µg/mL) 

Calculated concentration (%) Mean calculated 

concentration (%) 

RSD 

(%) 
1 2 3 

10  97.76 98.12 98.1 98.00 0.21  

50  99.84 98.71 98.72 99.09 0.66  

70  98.52 98.39 98.65 98.52 0.13 

 

• Precision 

Precision of the analytical method describes the closeness of agreements within a series of 

determinations obtained from multiple sampling of the same homogenous sample. The method 

meets the requirements if the relative standard deviation (RSD) of the response is ≤ 2% and the 

RSD of the retention time ≤ 1% (within each set for the repeatability and for all results for 

intermediate precision testing) (310). As presented in Table 3.4, RSD was 0.44% and 0.15% 
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for analyte response and retention time, respectively, suggesting the excellent repeatability of 

the method. Likewise, the RSD among BH responses on different days was only 0.70%, 

confirming the excellent intermediate precision of the method.  

Table 3.4: Results of precision studies, showing the excellent repeatability and intermediate precision 

of the developed method 

Repeatability 

Response Replicates Mean RSD 

(%) 1 2 3 4 5 6 

Peak area  1512.4 1509.5 1514.6 1510.8 1527.5 1519.7 1515.75 0.44 

RT (min) 6.63 6.61 6.62 6.62 6.64 6.63 6.62 0.15 

Intermediate precision 

Day  Calculated concentration (µg/mL) Mean Intra-days 

mean 

RSD (%) 

1 2 3 

Day 1 29.33 29.43 29.42 29.39  

29.18 

 

0.70 Day 2 29.15 29.10 29.25 29.19 

Day 3 28.95 28.89 28.98 28.98 

• Limit of detection & limit of quantification  

The LOD of an analytical method describes the minimum detectable concentration of the 

analyte (not necessarily quantified), whereas LOQ is the lowest concentration of the analyte 

that can be determined with a suitable level of accuracy and precision. A concentration of 0.2 

µg/mL demonstrated a signal/noise ratio of 4 and, therefore, was considered as the LOD of the 

method. The LOQ was determined as 0.5 µg/mL, with a signal/noise of 12.  

1.1.1.1 Forced degradation studies 

The degradation profiles of BH at various stress conditions are presented in Figure 3.2A, 

whereas the recorded HPLC chromatograms are shown in Figure 3.2B. As shown in Figure 

3.2A, BH was stable in solution at all test conditions except for the oxidative medium, which 

is in agreement with a previous report (311). This could be attributed to the oxidation of the 

amide group and the formation of N-oxide impurities (44). As presented in Figure 3.2B, the 
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BH peak was well-resolved from its degradation products, confirming the excellent method 

specificity.  

To ensure that the method is able to selectively quantify BH in the presence of potential 

degradants, the peak purity index was calculated at various stressful conditions (alkaline, acidic 

and oxidative conditions). The peak purity at the oxidative conditions is shown in Figure 3.3, 

demonstrating the peak purity in the presence of the degradation products. Peak purity results 

in other testing conditions are not presented here, since the drug didn’t degrade in those 

conditions. The findings demonstrate the method's capacity to selectively quantify BH in 

presence of its potential degradation products.  

Of note, the stability was first assessed at less stressful conditions (0.1N NaOH and 0.1N HCl). 

Findings confirmed the stability of BH at these conditions, as no BH degradation was observed. 

Therefore, the test conditions were made more stressful (1N NaOH and 1N HCl). Of note, BH 

demonstrated limited solubility in both strongly acidic and basic media, which is in agreement 

with the literature (139). Therefore, methanol was used as a cosolvent to enhance its solubility.  
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Figure 3.2: Representative findings of degradation studies showing (A) degradation profiles of 

bupivacaine hydrochloride (BH) at various stress conditions, showing the oxidative degradation of BH 

and (B) HPLC chromatograms of BH solution in (Ⅰ) 1N HCL at 60 ℃, (Ⅱ) IN NaOH at 60 ℃, (Ⅲ) H2O 

at 60 ℃, (Ⅳ) H2O2 at 60 ℃, and (Ⅴ) HPLC chromatogram of blank H2O2. The results demonstrate the 

method's capacity to quantify BH in presence of its oxidative impurities. 

3.7.1.2 Method application to quantify BH in Poloxamers-based gels 

For an analytical method to be acceptable, it must be able to quantify the analyte(s) of interest 

in the presence of potential formulation components, excipients and impurities (312). Hence, 

the validity of the method was tested in a poloxamers-based gel delivery system. As presented 

in Figure 3.4, the obtained spectrum demonstrated only a single well-resolved peak at 6.7 

minutes, representing BH elution. Blank poloxamers solution showed no peaks. Importantly, 

the presence of poloxamers didn’t alter the elution time, resolution, or symmetry of BH peak. 

The accuracy coefficients of BH determination from poloxamer gel ranged from 99.1 to 99.9%. 

The findings suggest the excellent specificity of the method in the presence of poloxamers.   
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Figure 3.3: Peak purity testing of bupivacaine hydrochloride (BH) at 60 ℃ in (A) 1N HCL, (B) IN 

NaOH, (C) H2O and (D) H2O2, showing the excellent method specificity in presence of BH degradation 

products. 

 

Figure 3.4: Chromatograms of (A) blank poloxamers and (B) bupivacaine hydrochloride (BH)-loaded 

poloxamers, showing the excellent specificity of the method in quantifying BH in the presence of 

poloxamers.  

3.7.1.3 Determination of BH saturation solubility in Milli-Q water and PBS 

Determination of solubility limits is crucial for the design of in vitro drug release studies. The 

saturation solubilities of BH in Milli-Q water and PBS were determined as recommended by 

World Health Organization guidelines (313). BH concentration was measured every 24 hours 

over three consecutive days to ensure the drug attained its saturation limit (313). Calculated 
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concentration at day 1 was considered as the saturation solubility, since there was no significant 

change in the BH concentration in the subsequent two days (313). As presented in Table 3.5, 

the saturated solubility of BH in water was 2-fold that in PBS. This could be attributed to the 

presence of sodium ions in PBS, which is likely to increase the ratio of the base form of the 

drug, reducing its solubility (314).  

Table 3.5: Calculated concentration of bupivacaine hydrochloride (BH) (mg/mL) in Milli-Q water and 

phosphate buffer saline (PBS, pH 7.4) at room temperature (n=3), showing the higher solubility of BH 

in water as compared to PBS.  

Day BH concentration (mg/mL), mean ± SD 

Milli-Q water PBS 

Day 1 52.0 ± 1.9 24 .3 ± 1.4 

Day 2 51.78 ± 1.3 25.9 ± 1.7 

Day 3 52.0 ± 2.1 26.0 ± 2.3 

 

3.7.2 Stability indicating HPLC method for the simultaneous determination of BH and 

KT 

The method was optimized to identify the chromatographic conditions that achieve satisfactory 

method sensitivity, peak resolution, and peak symmetry of the test analytes while keeping the 

run time adequately short. Table 3.6 summarizes the optimized chromatographic conditions of 

the developed method. As presented, a mobile phase composed of potassium phosphate buffer 

(50 mM, pH 5.5), acetonitrile, methanol (40:30:30) flowing at 1 mL/minute at ambient 

temperature demonstrated satisfactory peak resolution, symmetry and adequate elution times.  

To identify a wavelength of maximum absorbance, a UV spectrum of KT solution was recorded 

(Figure 3.5). As presented, KT exhibited higher UV absorbance at three wavelengths, 200 nm, 

250 nm and 320 nm. However, wavelength (320 nm) with the highest absorbance was selected 
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for higher method sensitivity. On the other hand, 210 nm wavelength was selected for BH due 

to its high UV absorbance at this wavelength, as demonstrated under section 3.6.1. 

Modifying the mobile phase composition is a key element to tune the run time, selectivity and 

sensitivity of the analytical method, since it drives the analyte partitioning between stationary 

and mobile phases (315). Increasing the percentage of methanol in the mobile phase from zero 

to 30% v/v reduced BH retention time from 25.0 to 6.7 minutes and slightly reduced the KT 

retention time from 3.9 to 2.6. On the other hand, increasing the percentage of acetonitrile from 

zero to 30% v/v reduced KT elution time from 4.7 to 2.6 minutes and reduced BH retention 

time from 15.7 to 6.7 minutes. The variant behavior of BH and KT could be attributed to their 

preferential solubilities (138,309).  

 

Figure 3.5: UV spectrum of ketorolac tromethamine (KT) over the wavelength range 200-400 nm, 

showing absorbance at three wavelengths 200, 250 and 320 nm. The wavelength, 320 nm was selected 

for its maximum absorbance.  

Likewise, modifying the pH altered the elution times of both analytes, attributed to their pH-

dependent solubilities (139,153,316). The elution time of BH increased from 2.8 minutes to 

˃20 minutes by raising the pH of the phosphate buffer from 3.45 to 10.5. Likewise, a pH rise 
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caused an increase in KT retention time. A pH of 5.5 was chosen for further method 

development, as it demonstrated adequate retention times and peaks symmetry (Figure 3.6A 

and 3.6B). Besides, it is ≥ 2 pH units away from the pka of BH (pka = 8.15) and KT (pka= 3.5) 

(139), which is favorable in HPLC analysis to ensure the presence of the analytes in one 

chemical form (317).   

Table 3.6: The optimized chromatographic conditions of the developed HPLC method for simultaneous 

quantification of bupivacaine hydrochloride (BH) and ketorolac tromethamine (KT) 

Parameters  Details 

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

Column temperature   Ambient temperature  

Mobile phase  Potassium phosphate buffer (50 mM, pH 5.5): Acetonitrile: Methanol 

(40:30:30) 

Flow rate  1.0 mL/minute 

Injection volume  10 µL 

Detector  Diode array detector (DAD) 

Detection wavelength  210 nm for BH, 320 nm for KT determination 

Run time 8 minutes 

3.7.2.1 Method validation  

Analytical method validation is an indispensable tool to ensure its validity and reliability for 

the intended purpose. As presented in Figures 3.6C and 3.6D, the constructed calibration curves 

of BH and KT showed acceptable linearity in the range of 0.5-100 µg/mL and 0.2-100 µg/mL, 

respectively. The selectivity was confirmed by both visual inspection and peak purity tests of 

the acquired analytes' peaks (Figure 3.7A and 3.7B). Of note, the elution times of BH and KT 

in admixtures didn’t change compared to their individual solutions, suggesting their 

compatibility. The mean percentage recovery of BH ranged from 99.3 to100.0%, whereas KT 

exhibited a mean percentage recovery from 99.1 to 99.3% for KT (Table 3.7), denoting 

excellent method accuracy. As presented in Table 3.8, RSD of the analytes’ response was 

calculated as 0.4% and 0.2% for BH and KT, whereas RSD among retention times was 
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calculated as 0.2% and 0.4% for BH and KT, respectively. The findings suggest the excellent 

method repeatability. Likewise, the RSD in-between samples determinations on three different 

days were calculated as 0.6% and 1.0% for BH and KT (Table 3.9), respectively, indicating a 

satisfactory method ruggedness. The LOQ was calculated as 0.5 µg/mL (signal/noise = 13.2 ± 

0.25) and 0.2 µg/mL (signal/noise = 15.3 ± 0.9) for BH and KT respectively. The LOD was 

calculated as 0.1 µg/mL (signal/noise = 3.5 ± 1.1) for BH, and 0.05 µg/mL (signal/noise = 6.5 

± 4.3) for KT.  

 

Figure 3.6: Results of method validation showing (A) chromatogram acquired at wavelength 210 nm, 

showing ketorolac tromethamine (KT) peak at 2.6 minutes and bupivacaine hydrochloride (BH) peak 

at 6.7 minutes, (B) chromatogram acquired at wavelength 320 nm, showing KT peak at 2.6 minutes, 

(C) calibration curve of bupivacaine hydrochloride (BH), (D) calibration curve of ketorolac 

tromethamine (KT). The results show the satisfactory linearity and specificity of the method. 

3.7.2.2 Forced degradation studies 

The degradation profiles of BH/KT admixture under various stress conditions are shown in 

Figure 3.8. As presented in Figure 3.8A, BH remained stable in water, alkaline (1N NaOH) 

and acidic (1N HCl) conditions, which corroborates with BH stability described under section 

3.6.1.2. On the contrary, it lost ˃ 61.5 ± 3.3% of its initial concentration in oxidative (3% v/v 
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H2O2) conditions over a week, attributed to the oxidation of the amide group and the formation 

of N-oxide impurities (311). On the other hand, KT demonstrated a loss of 85 ± 0.7%, 49 ± 

0.9% and 16 ± 0.4% in the oxidative, acidic and alkaline conditions, respectively, over the 

same time period (Figure 3.8B). The acid/base degradation of KT could be attributed to the 

hydrolysis of its carboxylic group, whereas degradation under oxidative conditions might be 

due to the oxidation of the carbonyl group (318,319). Of note, different stress conditions led to 

the development of different colors (Figure 3.8C), suggesting a variation in degradation 

pathways and products, as previously reported (318).  

The visual inspection didn’t detect any precipitation, suggesting the aqueous solubility of the 

degradation products. Of note, degradation profiles of BH/KT admixture were comparable to 

that of their individual solutions, suggesting that BH and KT's admixing doesn’t affect their 

degradation profiles. 

 

 

Figure 3.7: Peak purity test of (A) bupivacaine hydrochloride (BH) peak recorded at 210 nm and (B) 

ketorolac tromethamine (KT) peak recorded at 320 nm, showing the excellent method selectivity.  
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Table 3.7: Percentage drug recovery and relative standard deviation (RSD) among analyte 

determinations (n=3), showing the excellent accuracy of the developed method. 

Concentration 

(µg/mL) 

Percentage drug recovery (%) Mean ± SD RSD (%) 

1 2 3 

Bupivacaine hydrochloride (BH) 

10  99.62 98.89 99.41 99.30 ± 0.30 0.38 

50  98.90 99.31 99.70 99.30 ± 0.32 0.4 

80  100.88 99.79 99.57 100.08 ± 0.57 0.70 

Ketorolac tromethamine (KT) 

10  99.32 98.87 99.27 99.15 ± 0.20 0.25 

50  99.20 99.45 99.30 99.31 ± 0.10 0.1 

80  100.44 99.06 98.58 99.36 ± 0.78 0.97 

Table 3.8: Method repeatability, calculated as relative standard deviation (RSD) of analytes responses 

among six determinations of the same homogenous sample. 

Response Calculated concentration (µg/mL) Mean response RSD 

(%) 1 2 3 4 5 6 

Bupivacaine hydrochloride (BH) 

Peak area 624.4 629.9 627.4 632.2 630.1 627.

5 

628.58 0.43  

RT (min) 6.68 6.63 6.64 6.66 6.62 6.64 6.65 0.02  

Ketorolac tromethamine (KT) 

Peak area 687.9 689.5 688.3 690.8 690.5 692.

7 

689.95 0.26 

RT (min) 2.67 2.69 2.66 2.67 2.66 2.66 2.66 0.44 
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Table 3.9: Intermediate precision (ruggedness) of the developed method, calculated as relative standard 

deviations among measurements of the same sample over three different days, showing the excellent 

method intermediate precision.  

Day Calculated concentration 

(µg/mL) 

Mean concentration 

(µg/mL) 

Intra-days 

mean 

RSD (%) 

Bupivacaine hydrochloride (BH) 

Day 1 29.10 29.30  

29.16 

 

0.68 Day 2 29.40 29.30 

Day 3 28.95 28.89 

Ketorolac tromethamine (KT) 

Day 1 29.50 29.30  

29.28 

 

 

1.02 Day 2 29.40 29.70 

Day 3 29.10 28.88 

 

 

Figure 3.8: Forced degradation profiles of (A) bupivacaine hydrochloride (BH) and (B) ketorolac 

tromethamine (KT), admixtures in polypropylene tubes at room temperature, at various stress 

conditions. (C) shows the variation of solution color at different stress conditions, suggesting potential 

variations in degradation pathways and products. 

As presented in Figure 3.9, the analytes' peaks were well-resolved with resolution factors ˃ 2 

at all test conditions, suggesting the method validity to quantify BH and KT in the presence of 

their potential degradants. Noteworthy, the degradation products obtained at the various 
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stressful conditions eluted at different times, suggesting different degradation pathways, which 

is in agreement with Figure 3.7C. 

 

Figure 3.9: HPLC chromatograms of bupivacaine hydrochloride (BH)/ ketorolac tromethamine (KT) 

aqueous admixture obtained under various stress conditions, recorded at (A) 210 nm and (B) 320 nm. 

The results show the method selectivity in the presence of degradation products. Dotted circles indicate 

potential degradation products. 

3.7.2.3 Determination of BH and KT in poloxamers-based gels  

A primary goal of developing this analytical method was to selectively quantify BH and KT, 

simultaneously, in the presence of formulation components such as poloxamers. Therefore, the 

method was applied to quantify BH and KT-loaded into a poloxamers-based in situ forming 

gel. The recorded HPLC chromatograms suggested the excellent method specificity to quantify 

BH and KT in presence of poloxamers. The chromatogram recorded at 210 nm (Figure 3.10A) 

exhibited two peaks, at 2.6 and 6.7 minutes, corresponding to KT and BH, respectively. 

Whereas it showed only one peak, at 2.6 minutes at 320 nm (Figure 3.10B), which is attributed 

to KT. As presented, the analytes' peaks are well-resolved and symmetric. The calculated peak 

purity indices confirmed the purity of BH and KT peaks in the presence of poloxamers. The 

accuracy coefficients were calculated as 100.4 ± 0.9% for BH and 100.2 ± 1.2% for KT. The 
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findings suggest the validity of the developed method for the intended purpose and can be 

employed to evaluate the in vitro performance of BH/KT-loaded poloxamer gels.   

 

Figure 3.10: Representative HPLC chromatograms of poloxamers with and without the drugs at (A) 

210 nm and (B) 320 nm, demonstrating the method's ability to selectively quantify bupivacaine 

hydrochloride (BH) and ketorolac tromethamine (KT), simultaneously, in presence of poloxamers. 

3.7.2.4 Simultaneous determination of BH and KT in human plasma 

• Optimization of an extraction protocol  

The extraction protocol was optimized to identify organic solvent/s and incubation time that 

can achieve satisfactory sample clean up and analytes recovery. Acetonitrile demonstrated 

94.87 ± 0.93% plasma protein precipitation, calculated from a calibration curve of serial 

dilution of blank plasma, compared to 83.80 ± 1.31% and 76.25 ± 1.94% for methanol and 

ethanol, respectively. Likewise, it showed the highest percentage recovery of BH (95.53 ± 

0.88%) and KT (83.18 ± 2.23%), respectively. Interestingly, increasing the sample incubation 

time from 10 to 60 minutes did not increase drug recovery percentages. Thereby, a vortex time 

of 10 minutes with acetonitrile was selected for extraction.  

The proper treatment of plasma samples is a key element to improve the efficiency, accuracy 

and reproducibility of the drug extraction procedure (320). Here, acetonitrile, methanol and 
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ethanol were studied as they offer satisfactory plasma protein precipitation and BH/KT 

solubility (309,320). Besides, they provide the chance of reducing the lower limit of 

quantification via sample re-concentration. This is attributed to their volatile nature allowing 

their easy evaporation and redissolving the residue in a smaller volume of the mobile phase. 

Strong acidic protein precipitants, such as trichloroacetic acid and phosphoric acid, were 

excluded to avoid acidic degradation of KT, as demonstrated under forced degradation studies 

(section 3.6.2.2). Also, both BH and KT exhibit limited solubility in strongly acidic media, 

with the potential to reduce their recovery rates. In agreement with the literature, acetonitrile 

showed the highest protein precipitation and drug recovery (Table 3.10), attributed to its higher 

disruption of drug-protein binding (321,322).  

Table 3.10: Efficiency of plasma protein precipitation and drug recovery of selected organic solvents 

(n=3). 

Organic solvent Protein precipitation 

(%) (Mean ± SD)* 

BH recovery (%)      

(Mean ± SD) 

KT recovery (%)       

(Mean ± SD) 

Acetonitrile  94.87 ± 0.93 95.53 ± 0.88 83.18 ± 2.23 

Methanol  83.80 ± 1.31 82.79 ± 1.32 66.66 ± 0.80 

Ethanol  76.25 ± 1.94 74.74 ± 1.31 64.63 ± 1.43 

*: Serial dilutions of blank plasma in Milli-Q water were prepared, and a calibration curve was constructed by 

plotting the UV absorbance against concentration. The acquired curve was employed to measure protein 

precipitation.  

• Internal standard selection 

The internal standard is a chemically similar substance, but not identical, to the analyte of 

interest. It is commonly used to compensate for any variabilities during processing, extraction, 

drying and analysis of biological samples (323). Here, lidocaine (structurally similar to BH) 

and diclofenac sodium (structurally similar to KT) were investigated. As shown in Figure 3.11, 

lidocaine and diclofenac sodium were eluted at 5.4 and 9.9 minutes, respectively. The recorded 

peaks, at 210 nm, were well-resolved from BH (6.7 minutes) and KT (2.6 minutes). 
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Nonetheless, lidocaine was chosen for further method development, attributed to its shorter 

elution time.  

 

Figure 3.11: HPLC chromatograms of plasma sample, spiked with lidocaine, diclofenac sodium, 

bupivacaine hydrochloride (BH) and ketorolac tromethamine (KT). The obtained chromatograms show 

the suitability of lidocaine and diclofenac for the intended purpose. Yet, lidocaine was eluted in 5.4 

minutes, keeping the run time shorter.  

• Linearity, range, selectivity and accuracy 

Minor method validation was conducted to ensure the method validity to quantify BH and KT 

in human plasma. As presented in Figure 3.12, The method demonstrated acceptable linearity 

(regression coefficients ˃ 0.999) in the concentration range of 0.20 to 3.20 µg/mL for both BH 

and KT. The percentage recovery rates were calculated as 93.8 to113% for BH, and 95.4 to 

109.7% for KT, suggesting satisfactory method accuracy (153,324). The recorded 

chromatograms demonstrated excellent resolution between the peaks of BH, KT and the 

internal standard lidocaine (Figure 3.13). The purity indices of analytes peaks were above the 

set threshold, suggesting the method selectivity to quantify analytes in complex biological 

samples such as human plasma. The findings suggest the validity of the developed HPLC 

method to simultaneously determine BH and KT in plasma samples.  
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Figure 3.12: Calibration curve of bupivacaine hydrochloride (BH) and ketorolac tromethamine (KT) in 

human plasma, showing the satisfactory method linearity over the concentration range 0.200 to 3.200 

µg/mL for both BH and KT. ISD: internal standard. 

 

Figure 3.13: Representative HPLC chromatograms of spiked plasma samples obtained at (A) 210 nm 

and (B) 320 nm, showing the adequate resolution of bupivacaine hydrochloride (BH) and the internal 

standard lidocaine at 210 nm, and ketorolac tromethamine (KT) at 320 nm. 

3.7.2.5 Stability of BH and KT admixture in parenteral fluids and PBS 

The visual inspection of the stability samples revealed a white precipitate in the dextrose 

sample after 35 days, associated with a pH drop from 6.60 to 2.21. Likewise, the drug-free 

dextrose solution exhibited a comparable pH drop from 9.1 to 2.85, suggesting that pH drop 

could be attributed to dextrose degradation into organic acids such as formic acid, lactic acid 
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and levulinic acid (325). No significant changes in the visual appearance or pH were observed 

in Ringer’s, PBS or normal saline samples. 

Figure 3.14 presents the degradation profiles of BH/ KT admixtures in various parenteral fluids 

and PBS. As demonstrated, less than 10% loss of BH concentration was recorded in normal 

saline and Ringer’s over four weeks (Figure 3.13A), followed by a slow degradation rate. On 

the contrary, BH maintained 100.2 ± 1.4% of its concentration by the end of the study period 

(6 weeks) in the dextrose sample, suggesting its excellent stability in the dextrose solution. 

However, BH lost 10.1 ± 1.9% of its initial concentration in PBS after three weeks, suggesting 

that PBS might not be a suitable solvent for preparing BH/KT admixtures.  

On the other hand, KT demonstrated excellent stability in the Ringer’s and normal saline 

solution for at least four weeks (Figure 3.13B). KT maintained 100 ± 2% of its concentration 

in the dextrose sample for four weeks, followed by a sharp drop to 58.4 ± 1.1% after six weeks, 

which corroborates with the literature (326). This drop in the KT concentration could be 

attributed to the drop of pH associated with dextrose degradation, since KT is liable to 

degradation in strongly acidic media, as demonstrated above under the forced degradation 

studies (section 3.6.2.2). On the other hand, KT maintained 100 ± 0.9% of its starting 

concentration in PBS for the whole study period; i.e., six weeks. Of note, there was no 

significant difference between degradation rates in polypropylene microcentrifuge tubes 

(Eppendorf, Germany) and glass containers (p ˃ 0.05), suggesting no interaction between 

analytes and containers under test conditions.  

Studying the stability of BH/KT in PBS was crucial for the purpose of this dissertation. The 

findings suggest that PBS is not a suitable solvent for the long-term storage of BH/KT 

admixtures. In addition, caution should be exercised in the design of in vitro release studies of 

extended-release formulations of BH/KT, whose in vitro release profile is expected to be more 

than three weeks. 
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BH/KT admixtures are commonly prepared in parenteral fluids and administered locally. 

Nonetheless, there is no standard approach and clinicians across the globe use different regime 

and delivery strategies to provide multimodal analgesia (301,304,327–330). The drug 

concentrations, admixing technique and storage time may change considerably based on the 

targeted clinical application. Hence it is crucial to study the stability of their admixtures in 

parenteral fluids. Due to the lack of standard preparation and admixture storage approaches, 

the study was conducted in both polypropylene and glass containers and for six weeks. The 

data suggest that BH/KT admixtures in dextrose, normal saline and Ringer’s solutions can be 

stored at room temperature for up to four weeks, since they maintain ≥ 90% of their initial 

concentrations. Nonetheless, caution should be exercised since no bioburden/endotoxin data 

was collected on the compounded materials, so the admixtures have not been qualified for use 

from a microbial perspective. 

 

Figure 3.14: Degradation profiles of (A) bupivacaine hydrochloride and (B) ketorolac tromethamine, 

admixtures in various parenteral fluids and phosphate buffer saline (PBS), measured at room 

temperature in polypropylene tubes. 
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3.7.3 LC-MS/MS method for the simultaneous determination of BH and KT in sheep 

plasma 

3.7.3.1 Optimization of an extraction protocol   

The adequate treatment of complex biological samples, such as plasma, is an essential step in 

LC-MS/MS method development to improve analytes extraction and avoid interference of 

matrix components. Several organic solvents (Table 3.11) have been evaluated for their 

extraction efficiency. As presented, no significant difference was observed among studied 

solvents, which is in good agreement with findings on human plasma (section 3.6.2.4). 

Acetonitrile demonstrated good plasma protein precipitation (see section 3.6.2.4) and exhibited 

higher volatility, compared to methanol and dimethyl formamide solvent. Therefore, 

acetonitrile was selected for further method development. Of note, increasing the incubation 

time of acetonitrile from 5 minutes up to 12 hours in sheep plasma didn’t result in an increase 

in the recovery rates, which is comparable to the findings in the case of human plasma (section 

3.6.2.4). However, it is obvious that acetonitrile demonstrated significantly lower extraction 

efficiency in sheep plasma, as compared to human plasma (section 3.6.2.4). This could be 

attributed to the difference of plasma source, or the analytical technique. Varying the plasma 

source could alter the plasma protein binding (331). In addition, the co-elution of BH and KT, 

at 2.0 and 2.1 minutes, respectively, could trigger a competition between their respective 

fragment ions and matrix components, suppressing their signals (332).  
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Table 3.11: Recovery rates of bupivacaine (BH) and ketorolac (KT), using different organic solvents. 

The data shows higher recovery rates with dimethyl formamide. 

Concentration 

(ng/mL) 

Acetonitrile 0.1% Formic acid- 

acetonitrile 

Methanol Dimethyl 

formamide 

Bupivacaine (BH) 

125 39.0 ± 2.2 38.2 ± 1.2 43.2 ± 3.1 41.3 ± 3.7 

1000 31.2 ± 1.7 33.1 ± 3.5 36.7 ± 1.9 43.6 ± 2.4 

3000 39.3 ± 1.3 40.2 ± 2.3 31.7 ± 1.4 43.7 ± 1.4 

Ketorolac (KT) 

125 98.4 ± 0.8 96.5 ± 3.4 97.4 ± 1.3 96.9 ± 2.4 

1000 103.6 ± 1.1 104.2 ± 3.3 96.4 ± 0.7 104.0 ± 2.4 

3000 91.8 ± 0.9 93.3 ± 2.1 98.0 ± 2.5 107.4 ± 3.7 

 

As shown in Table 3.11, BH demonstrated relatively low recovery rates, regardless to the 

organic solvent. This could be attributed to its poor extraction or due to the effect of other 

matrix components (plasma protein, internal standard (KZ) and the KT) on its 

ionization/fragmentation. To identify whether KZ alters the quantification of BH/KT or not, 

BH and KT were determined with the use of other internal standards, and the results were 

compared with those obtained in the presence of KZ. Briefly, a homogenous plasma sample 

was spiked with BH and KT, and extracted with acetonitrile containing either KZ, lidocaine or 

SN38405. Yet, no significant changes in the extraction rates were recorded, suggesting that KZ 

doesn’t alter the extraction/ionization of BH. To study the effect of KT on BH quantification, 

BH was determined in the presence and absence of KT. A blank plasma sample was spiked 

with either BH (1000 ng/mL) alone or BH and KT (1000 ng/mL each), extracted with 

acetonitrile (4-fold) and analyzed using the developed LC-MS/SMS method. The presence of 

KT in the matrix reduced the percentage BH recovery from 71.6 ± 9.6% to 34.7 ± 1.3%, 

suggesting a potential ionization competition between the two drugs. Therefore, several 

attempts, including changing the mobile phase gradient or composition, have been made to 

avoid co-elution of both analytes and, therefore, avoid potential interference. Modifying the 
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gradient slightly altered the elution of both BH and KT, with no increase in the recovery rates. 

Various mobile phases (0.1% formic acid/ water: 0.1% formic acid/ acetonitrile, 0.1% formic 

acid/ water: 0.1% formic acid/ 80% acetonitrile and 7 mM ammonium formate - 0.1% formic 

acid in water and 7 mM ammonium formate - 0.1% formic acid - 80% acetonitrile) were 

studied. Modifying the mobile phase composition triggered a slight change in the retention 

time of both drugs, with no improvement in recovery rates. A mobile phase composed of 0.1% 

v/v formic acid in Milli-Q water and 0.1% v/v formic acid in acetonitrile (Table 3.12) was 

chosen for further method development.   

A major disadvantage of analyte’s poor extraction is its inability to quantify the analyte of 

interest at low levels. Sample re-concentration, via solvent evaporation, is an efficient approach 

to increase method sensitivity and lower its LOQ. A known volume of spiked plasma samples 

(50 µL) was vortexed with acetonitrile (200 µL) for 5 minutes, and the supernatant (225 µL) 

was withdrawn and dried in a vacuum dryer (SpeedVac Plus, SC210A). The residue was 

reconstituted with 25 µL of acetonitrile: 0.1% formic acid acetonitrile (1:1), and 10 µL injected 

into the system. The findings demonstrated that the LOQ could be decreased to 0.3 µg/mL by 

adopting this extraction approach. However, KT exhibited a tailed and poorly resolved peak, 

which could affect the method’s accuracy and reproducibility (333). Therefore, this approach 

was no more considered. Instead, the single-step extraction approach was adopted for further 

method development and validation for its consistently satisfactory peak resolution and 

symmetry.   

3.7.3.2 Method development  

Adequate separation was achieved using a mobile phase composed of 0.1% formic acid/water 

(line A) and 0.1% formic acid/acetonitrile (line B) in a gradient flow, as demonstrated in Table 

3.12. The column temperature was maintained at 5 ℃, and the injection volume was set to 40 
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µL. The detection wavelengths were chosen as 210 nm for BH and 320 nm for KT, for better 

method sensitivity, as demonstrated under section 3.6.2. Multiple reaction monitoring (MRM) 

transitions and compound-dependent parameters: precursor ion (m/z) Q1: 289; product ion 

(m/z) Q2: 140.1 for BH, and precursor ion (m/z) Q1: 256; product ion (m/z) 105 for KT; 

collision energy: 20 V for BH and 16 for KT; fragmentation: 140 V for BH and 130V for KT; 

dwell time: 25 ms. The elution times were 2.0 and 2.1 minutes for BH and KT, respectively, 

and the total run time was set to 5 minutes.  

Table 3.12: Optimized chromatographic conditions of the developed method 

Time 

(minute) 

0.1% Formic acid/water 

(%)* 

0.1% Formic acid/acetonitrile 

(%)** 

Flow rate 

(mL/min) 

0.5 90 10  

 

0.5 

0.75 10 90 

1.75 10 90 

2.5 90 10 

4 90 10 

*: line A, **: line B  

3.7.3.3 Method validation  

Linearity is the method capacity to demonstrate a linear relationship between analytes 

concentration and their response within a specified concentration range. For the method to be 

valid, the regression coefficient should be greater than 0.99, and at least 75% of the calibration 

standards should be within ± 15% of the nominal concentration, except for the LOQ where the 

back-calculated concentration should be within ± 20% of the nominal concentration. As 

presented in Figure 3.14, the developed method demonstrated satisfactory linearity in the range 

of 3 to 3000 ng/mL with a regression coefficient (R2) of 0.9997 and 0.9998 for BH and KT, 

respectively.  
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The method selectivity describes the method capacity to quantify the analytes of interest in the 

presence of potential matrix components. For the method to be selective, the response obtained 

from the blank samples in the chromatographic region of BH/KT and KZ should be ≤ 20% of 

the sample response for BH and KT, and ≤ 5% of the KZ response for each matrix. The method 

selectivity was demonstrated by comparing spectra of blank plasma and analytes response at 4 

ng/mL.  

Method accuracy is an essential tool to demonstrate that the calculated concentrations are close 

to their true values. The method to meet acceptance criteria if the accuracy coefficients are 

within ± 15% of the nominal concentration for each concentration point, except for LOQ where 

it should be within ± 20%. As presented in Table 3.13, BH demonstrated a % recovery of 115.8 

± 8.4% (low), 93.5 ± 6.1% (medium) and 100.2 ± 11.4% (high), whereas the accuracy of KT 

was calculated as 117.5 ± 3.6% (low), 90.7 ± 1.8% (medium) and 101.0 ± 5.7% (high). For the 

method to be repeatable, the precision (% CV) should be ≤ 15% for the low, medium and high 

QC points and ≤ 20% for the LOQ. Here, the method precision ranged from 6.9 to 12.6% for 

BH and 2.1 to 5.6% for KT (Table 3.13).  

Carryover of the method describes an increase in a measurement due to residual analytes from 

a preceding measurement. For the method to be valid, the carryover should be ≤ 20% of the 

analyte’s response and ≤ 5% of the ISD response. The carryover was calculated as 13.3% ± 5.1 

for BH and 6.3% ± 2.7 for KT. The findings suggest the validity of the developed method to 

quantify BH and KT, simultaneously, over the range of 3 to 3000 ng/mL.   

The method meets acceptance criteria regarding autosampler stability if the % bias in-between 

days 1 and 2 is not more than ±15%. The autosampler stability was calculated at 24 hours as 

103.0% (10 ng/mL), 95.3% (100 ng/mL) and 99.0% (1000 ng/mL) for BH, and 107.2% (10 

ng/mL), 92.7% (100 ng/mL) and 96.0% (1000 ng/mL) for KT. LOQ describes the lower 

concentration can be quantified with acceptable accuracy and precision (306). Here, LOD and 
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LOQ were identified by the signal/noise ratio, using the software Agilent Technologies®, 

Santa Clara, California. As presented in Figure 3.15, the LOD was calculated as 0.3 ng/mL for 

both BH (signal/noise = 6.2) and KT (signal/noise = 6.9), whereas the LOQ was calculated as 

3 ng/mL for both analytes as well (signal/noise = 13.6 and 13.9 for BH and KT, respectively).  

 

Figure 3.15: Calibration curves of (A) bupivacaine and (B) ketorolac, showing the acceptable method 

linearity over the range 3-3000 ng/mL. Insets present the constructed curves over the concentration 

range of 3-300 ng/mL.  
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Figure 3.16: Chromatograms of (A) blank sheep plasma, (B) the lower limit of detection and (C) the 

lower limit of quantification of bupivacaine and ketorolac, as determined by the signal/noise ratio.  

Table 3.13: Accuracy (calculated as % recovery) and precision (calculated as the coefficient of variation 

(CV)) of the developed analytical method.   

Nominal 

conc. 

(ng/mL) 

Calculated conc. (ng/mL) Mean 

calculated 

conc. 

SD Accuracy  

(% recovery) 

Precision 

(% CV) 1 2 3 

Bupivacaine 

40 52.2 47.5 42.9 47.5 4.6 118.9 9.7 

400 375.2 398.3 348.9 374.1 24.7 93.5 6.6 

2000 1778.4 2137.8 2206.1 2040.8 229.7 102.0 11.2 

Ketorolac 

40 47.0 45.3 46.7 46.3 0.9 115.8 3.2 

400 359.0 368.6 354.1 360.5 7.3 90.1 2.0 

2000 1890.3 2108.9 2057.4 2018.9 114.2 100.9 5.6 

 

3.7.4 Conclusion 

In this chapter, three analytical methods were developed for the quantification of BH alone or 

in combination with KT in relevant media/matrices. A stability indicating HPLC method 
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developed for BH quantification has application in monitoring in vitro release and/or the 

stability of BH-loaded poloxamers-based in situ forming gels. In addition, the developed 

method can assess BH stability against various stressors. The findings suggested that BH is 

stable in acidic and alkaline conditions, whereas it exhibits degradation in oxidative media. 

This method was used later to study the in vitro drug release from poloxamers-based in situ 

forming gels designed for the sustained delivery of BH (Chapter 4). 

In addition, a stability indicating HPLC method for the simultaneous quantification of BH and 

KT is described. The developed HPLC method has demonstrated applicability in simultaneous 

quantification of BH and KT, in poloxamers-based gels, stability samples and in human 

plasma. For the first time, the stability and compatibility of BH and KT admixtures in common 

parenteral fluids were assessed, using the developed HPLC method. Findings suggest that 

BH/KT admixtures are stable in commonly used parenteral fluids for up to four weeks when 

stored at room temperature, suggesting potential for compounding. Whereas, BH/KT 

admixture is stable in PBS (pH 7.4) for three weeks only. Therefore, in vitro release studies of 

the target formulation using PBS should be designed accordingly. The developed method was 

employed to study the in vitro performance, and stability of BH and KT-loaded formulations 

(Chapter 5). 

Furthermore, a novel LC-MS/MS method was developed for the simultaneous quantification 

of BH and KT in sheep plasma, using a simple single-step extraction method. The developed 

analytical method method was employed to monitor BH and KT plasma levels following the 

intraarticular administration of developed in situ gelling formulations in a sheep model of 

arthroplasty (Chapter 6).   
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Chapter 4: Formulation Strategies to Sustain the 

Release and Limit the Initial Burst of Bupivacaine 

Hydrochloride from Poloxamers-Based In Situ 

Gelling Systems 
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4.1 Background  

The use of poloxamers as sustained delivery platforms is challenged by their rapid erosion and 

high rates of drug diffusion (37,44). This is attributed to their weak mechanical properties and 

the continuous interconnected aqueous channels within the gel matrix, causing a rapid release 

of the loaded drug (37–40). In addition, many of the described poloxamers-based gels exhibit 

an initial burst release of the loaded drug (42–45), attributed to the lag time between 

administration and phase transition. These attributes raise concerns around the safety and 

efficacy of poloxamers-based thermoresponsive gel systems for drug delivery (173).  

In chapter 2, various formulation strategies to sustain the drug release from poloxamers-based 

in situ gelling systems were discussed. However, the selection among these strategies should 

critically consider their clinical safety, length of required release profile and complexity of the 

selected strategy. Synthesis of poloxamers derivatives with higher molecular weights, via 

crosslinking of multiple poloxamers chains (multiblock poloxamers), has demonstrated ability 

to significantly reduce the gel erosion rate for up to several months (174,189,250,251,253). 

However, the clinical safety of the newly synthesized polymers is yet to be established. 

Likewise, the chemical crosslinking of poloxamers and additive polymers is a promising 

approach to sustain the drug release profile for up to several weeks. Nonetheless, the safety of 

the chemical crosslinker must be critically considered (231). In addition, these two strategies, 

multiblock synthesis and chemical crosslinking, are relatively complex methods.  

The physical blending of poloxamers with additives such as natural polymers, for example 

alginates (50,51), cellulose derivatives (52,53) and chitosan (54,215), is a simple and safe 

approach to sustain the drug release. Though a considerable part of the literature suggests that 

this approach is efficient in sustaining the drug release profile from poloxamers-based gels 

(Chapter 2), there are a few studies that report contradicting findings. The blending of 
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carboxymethyl cellulose sodium (4% w/w) into poloxamers demonstrated an increase in the 

matrix pore size and drug (Cortex Moutan) release rate (334). Meanwhile, blending of 

hydroxyethyl cellulose (2% w/w), hydroxypropyl methylcellulose (0.5% w/w) and 

polyethylene glycol 400 (5% w/w) into poloxamers didn’t alter the release profile of loaded 

drugs (51,184,223). Similarly, the influence of sodium chloride (NaCl) on drug release from 

poloxamer gels is debatable. It has been reported that NaCl (1% w/w) increased the percentage 

of meloxicam (MW= 341.5, water-insoluble) released over six hours from 75% to 80% (184), 

whereas NaCl (1% w/w) reduced the percentage of nimesulide (MW= 308, water solubility = 

0.01 mg/mL) released in 7 hours from 90% to 70% (51). On the other hand, the inclusion of 

NaCl (0.8% w/w) didn’t alter the release of diclofenac sodium (MW = 318.1, water solubility 

= 0.0048 mg/mL) from a thermoresponsive gel system prepared using different poloxamers 

(227).  

Release of drugs from poloxamers-based thermoresponsive gels is significantly affected by the 

hydrophobicity/hydrophilicity (PPO/PEO) balance of the gel matrix. 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 (184,185,227). However, in these studies, the total 

poloxamers 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 

poloxamers-based thermoresponsive gels for parenteral administration must be considered. 

Blending of additive polymers can significantly increase the viscosity of poloxamers-based 

thermoresponsive gels, causing difficulty in the syringeability/injectability of the developed 

formulation (196). In addition, too high PPO/PEO ratio or inclusion of relatively high ratios of 
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NaCl can alter the phase transition, rendering the formulations unsuitable for parenteral 

administration (227,335).  

The physicochemical properties of the loaded drug are critical and should be considered in the 

design of sustained release poloxamers-based in situ gelling systems (37). It has been shown 

that hydrophilic drug molecules of relatively small sizes tend to exist in the aqueous channels 

within the gel matrix, and rapidly diffuse to the external environment (42,172,176,177). In this 

chapter, I evaluated the effectiveness of selected formulation strategies to sustain BH release.  

4.2 Chapter aims  

This chapter aimed at investigating several formulations strategies to limit the initial burst 

release and extend the release profile of BH from poloxamers-based in situ forming gels. The 

specific objectives of this chapter were to:  

1. Investigate the effect of matrix hydrophobicity (PPO/PEO ratio), additive polymers and 

salt inclusion on the release profile of BH from poloxamers-based in situ forming gels.  

2. Perform comprehensive in vitro characterization of the developed in situ gelling 

formulations with respect to sol-to-gel transition, rheological and mechanical 

properties.  

3. Perform in vitro drug release studies of the selected formulations.  

4.3 Materials 

Bupivacaine hydrochloride monohydrate (BH) was purchased from Jai Radhe Sales (India). 

Poloxamer 407 (P407), poloxamer 188 (P188) and phosphate-buffered saline (PBS) tablets 

were sourced from Sigma-Aldrich (MO, USA). Sodium chloride, sodium alginate (medium 

viscosity) and methylcellulose (454.5 g/mol) were sourced from Sigma-Aldrich (UK). 

Chitosan (medium molecular weight) was purchased from Sigma-Aldrich (Iceland), and 
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carboxymethylcellulose (263.2 g/mol) was purchased from VWR International Ltd (UK). 

Water used in various preparations was obtained by reverse osmosis (18 MΩ.cm, Millipore, 

Darmstadt, Germany) of demineralized water. All other solvents and reagents used were of 

analytical grade. 

4.4 Methods  

4.4.1 Preparation and optimization of thermoresponsive gel formulations  

Thermoresponsive gelling systems were prepared by the cold method (43). Formulations 

prepared are detailed in Table 4.1. Briefly, predetermined weights of P407 and P188 were 

dissolved in specified amounts of Milli-Q water at 4 ℃, 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 (44). The formulation with the highest 

PPO/PEO (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 

concentration 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 NaCl (0.4, 0.6 and 0.9% w/w). Formulations with suitable sol-to-gel 

transition temperatures (25-37 ℃), were loaded with BH (1% w/w) and underwent further 

characterization.  
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Table 4.1: Composition and sol-to-gel transition temperature of all the formulations trialed. 

Formulation 

code 

Composition PPO/PEO 

ratio 

Sol-to-gel temperature 

(ºC), Mean ± SD 

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

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

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

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

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

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

F1SA Sodium alginate (0.5% w/w) + F1 0.30 26.0 ± 0.00 

F1SA2 Sodium alginate (0.75% w/w) + F1 0.30 25.0 ± 0.33 

F1SA3 Sodium alginate (1.0% w/w) + F1 0.30 23.0 ± 0.33 

F1SA4 Sodium alginate (0.5% w/w) + Calcium 

chloride (0.5% w/w) + F1 

0.30 ** 

F1CMC  Carboxy methylcellulose (0.35% w/w) + F1 0.30 26.3 ± 0.33 

F1CMC 2 Carboxy methylcellulose (0.75% w/w) + F1 0.30 23.3 ± 0.33 

F1MC Methylcellulose (0.35% w/w) + F1 0.30 25.6 ± 0.33 

F1MC2 Methylcellulose (0.5% w/w) + F1 0.30 24.3 ± 0.67 

F1MC3 Methylcellulose (0.75% w/w) + F1 0.30 22.3 ± 0.33 

F1CH*** Chitosan (MMW) (0.4% w/w) + F1 0.30 25.6 ± 0.33 

F1CH2*** Chitosan (MMW) (0.5% w/w) + F1 0.30 25.6 ± 0.33 

F1CH3*** Chitosan (MMW) (0.75% w/w) + F1 0.30 24.3 ± 0.33 

F1NaCl Sodium chloride (0.4% w/w) + F1 0.30 25.4 ± 0.33 

F1NaCl 2 Sodium chloride (0.6% w/w) + F1 0.30 24.3 ± 0.00 

F1NaCl3**** Sodium chloride (0.9% w/w) + F1 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 

poloxamers solution. ****: white precipitate was observed at 0.9% w/w sodium chloride after storage for more 

than a month. 

4.4.2 Determination of sol-to-gel transition temperature and time  

The sol-to-gel transition of the developed in situ gelling formulations was determined by two 

methods: tube inversion method by thermomixer (method A) and by rheological analysis by 

rheometer (method B). In method A, 1.5 mL of each formulation was transferred into a 2 mL 

Eppendorf tube (Eppendorf, AG, Germany), and left for 5 minutes at room temperature for 

equilibration (44). The tubes were then transferred to a thermomixer, previously equilibrated 
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at 20 ℃, and subjected to a temperature increment of 1 ℃ each 2 min. The sample was 

considered gelled if 90º movement of the Eppendorf tube results in no movement of the 

meniscus (44).  

In method B, the sol-to-gel transition temperature of BH-loaded formulations was determined 

using AR-G2 rheometer (TA instruments, Melbourne, Australia) equipped with a temperature-

controlled Peltier plate and a stainless steel parallel plate geometry (40 mm), as described by 

Svirskis et al. with modification (43). The formulation (1.5 mL) was sandwiched between the 

parallel plate and the Peltier plate and subjected to a temperature ramp in the range of 10 to 40 

℃ at a rate of 4 °C/min. The viscosity of the formulations was plotted as a function of the 

temperature. The sol-to-gel transition temperature was identified as the temperature at which 

the sample demonstrated a sharp increase in viscosity (210).  

The reversible sol-to-gel transition was studied by subjecting the formulations to subsequent 

heating (10 to 40 °C) and cooling cycles (40 to 10 ℃) at a rate of 4 ℃/min. Changes in viscosity 

were determined as a function of temperature.  

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 accommodated at 37 

℃. The time required to achieve sol-to-gel transition was recorded. All experiments were 

conducted in triplicate. 

. 

4.4.3 Chemical compatibility/interaction between BH/ additives and poloxamers 

4.4.3.1 Fourier Transform Infra-Red Spectroscopy (FTIR)  

To study the intermolecular interactions between poloxamers and BH, the FTIR spectra were 

obtained for the freeze-dried powders of the blank base formulation (F1), BH, and their 1:1 
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(w/w) mixture, using a Bruker Tensor 37 FTIR spectrophotometer (Bruker Tensor 37, 

Germany) equipped with OPUS 6.5 software. Likewise, the interactions between poloxamers 

and additives were investigated. Briefly, selected blank formulations (without BH), namely, 

F1, F1NaCl, F1CH, F1MC, F1CMC and F1SA, were prepared, freeze-dried, and the spectra of 

the freeze-dried powders were recorded. Measurements were performed in attenuated total 

reflectance (ATR) mode using a diamond crystal, in the range of 400–4000 cm-1. Data were 

collected with 1 cm-1 resolution, taking 64 scans per sample.  

4.4.3.2 Thermal analysis  

The thermal behavior of the developed formulations was studied using thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). To determine the decomposition 

temperature, TGA was performed using a thermogravimetric apparatus (PerkinElmer, 

Waltham, MA). Briefly, a 3-10 mg sample (BH or poloxamer) was transferred into an 

aluminum pan and heated at a rate of 10 ℃/minute over a temperature range of 0-350 °C for 

BH and 0-450 ℃ for poloxamers.  

DSC was carried out using TA instruments (USA) Q-200 DSC apparatus, and the thermal 

behavior was determined for freeze-dried samples (poloxamers, BH and their 1:1 mixture). 

Briefly, samples (3-10 mg) were transferred into T-zero aluminum pans, and the sealed pans 

were subjected to cyclic heating/cooling/heating runs over a temperature range of 0-275 ℃ at 

a rate of 1 ℃/min. An empty sealed pan was used as a reference.  

4.4.4 Mechanical properties   

4.4.4.1 Gel strength  

The gel strength was determined via texture analysis (TA.XT Stable Microsystems, Surrey, 

UK), as previously described (300). Briefly, a known quantity of sample (15 mL) was 
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transferred into a 20 mL cylindrical glass vial (25 mm internal diameter) and kept at 37 ℃ in 

a temperature-controlled Peltier cabinet for 20 minutes to achieve complete gelation. A Delrin 

cylinder probe (10 mm) was allowed to pass through the gel at a speed of 1 mm/second to a 

depth of 5 mm using a trigger force of 5.0 g. Gel strength and hardness were derived from the 

resultant force-time plot using the Exponent 32 software (336). All experiments were done in 

triplicate. 

4.4.4.2 Injectability 

Using a universal syringe rig (A/USR) attachment (Stable Microsystems, Surrey, UK), the 

injectability was studied as described by Shavandi et al., with modification (337). The 

formulations were loaded into a 3 mL syringe attached to an 18-gauge needle. The syringe was 

attached to the syringe rig, and the probe was allowed to compress the syringe plunger to a 

distance of 20 mm at a speed of 5 mm/second. The maximum force and the total work required 

to expel the formulation were determined from the force-time plot (338). The maximum force 

was calculated as the highest force achieved before the content was expelled. Whereas, the total 

work required for injection was calculated as the total positive area obtained by the force-

distance plot as plotted by the texture analyzer Exponent 32 software. All experiments were 

done in triplicate. 

4.4.5 Rheological analysis  

The rheological properties were determined using AR-G2 rheometer (TA instruments, 

Melbourne, Australia) equipped with a temperature-controlled Peltier plate and a stainless-steel 

parallel plate geometry (40 mm). All experiments were done in triplicate. 



105 
 

4.4.5.1 Frequency sweep 

First, the linear viscoelastic region of the gel formulations was identified by carrying out a 

strain-sweep analysis at 37 ℃ ± 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 behavior of the gel was studied by performing an oscillation sweep at 37 

℃ ± 0.1 over an angular frequency range of 0.1 to 100 rad/s at a constant and low strain 

amplitude (0.02 Pa), as described by J.Hu et al. (339). The changes in storage and loss moduli 

were determined as a function of angular frequency (339).  

4.4.5.2 Flow sweep 

The flow properties of the formulations were determined by measuring the viscosity as a 

function of shear rate over the range of 2-200 sec-1 at 20 ℃. 

4.4.6 In vitro drug release studies  

In vitro drug release studies were conducted in flat bottom Falcon tubes using PBS (pH 7.4) as 

release media, under sink conditions (BH concentration in the release medium was never more 

than 10% of the saturated concentration), to mimic in vivo conditions (43, 432). Briefly, a 

known amount of each formulation (1 g) was injected into the bottom of a tube containing 4 

mL of PBS (prewarmed to 37 ℃). The tubes were placed at a rocking shaker and agitated at 

10 rpm. The temperature was maintained at 37 ℃ throughout the study. At specified time 

intervals, aliquots (50 µL) were withdrawn and replaced by fresh prewarmed PBS to maintain 

the sink conditions. The aliquots were diluted with appropriate volumes of the mobile phase 

and analyzed using the developed HPLC method described in Chapter 3. The results were 

expressed as a cumulative percentage of drug release against time, and similarity factor (f2) 

was calculated to compare obtained release profiles.  
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4.4.6.1 Mathematical modeling of the release profiles 

To determine the mechanism of drug release from the thermoresponsive gels, the in vitro drug 

release data was applied to zero-order (calculated as cumulative percentage drug release versus 

time), first-order (as log cumulative percentage of drug remaining versus time), Higuchi (as 

cumulative percentage of drug release versus square root of time), Hixson-Crowel (cumulative 

percentage drug remaining versus time), and Korsmeyer–Peppas (as log cumulative percentage 

of drug released versus log time) release kinetics models and the best fit was determined 

(42,184).  

4.4.7 Statistical analysis of data 

All results are represented as mean ± standard deviation (SD), where n = 3. The statistical 

differences were calculated by the t-test and one-way analysis of variance (one-way ANOVA), 

with multiple comparisons to F1, at a 95% confidence level (p ≤ 0.05 indicated significance) 

using the software GraphPad Prism 8.2.1 (Graph Pad Software Inc., USA). 

4.5 Results and discussion 

4.5.1 Formulation preparation and optimization for sol-to-gel transition temperature 

A wide range of formulations was screened (Table 4.1), and the sol-to-gel transition 

temperature and time of selected formulations (sol-to-gel transitions between 25 and 37 °C) 

are reported in Table 4.2, with and without BH loaded. The desired temperature range (25-37 

℃) was selected to support formulation administration through a needle, whereupon it would 

gel at the physiological temperature, with the potential to sustain drug release (37). Formulation 

F1 was selected as the base formulation, as it is the formulation with the highest PPO/PEO 

ratio (0.30) that exhibited a sol-to-gel transition within the desired temperature range.  
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Formulation F2 was prepared to exclusively study the effect of the PPO/PEO ratio on the gel 

characteristics at fixed the total poloxamers concentration, as 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 (172,180,227,300).   

When selected additive polymers were blended with the base formulation (F1) at various 

concentrations, the sol-to-gel transition temperature was reduced (Table 4.2) as a function of 

their concentration (50). This can be attributed to the hydrogen bonding and physical 

entanglement with poloxamers facilitating the transition to a 3D network (50,340–343). 

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, enhancing the hydrophobic interactions among 

poloxamers chains reducing the phase transition temperature. In addition, NaCl-poloxamers 

crosslinking facilitates the micellar entanglement and phase transition (56,226–228).  

Interestingly, BH loading increased the transition temperature of all formulations by almost 1 

℃ (Table 4.2), implying a potential BH-poloxamer interaction (344). The pH of BH-loaded 

base formulation (F1) was 6.22, which is slightly less than 2 units from its pKa (pKa of BH = 

8.15 (139)), suggesting the presence of its ionized form in solution, with potential interaction 

with the hydrated micellar corona (256,343,344).  

Of note, a slight, yet non-significant, difference was observed between the sol-to-gel transition 

temperatures determined by the rheometer (method B), compared to the sol-to-gel temperatures 

determined by the thermomixer (method A). This could be attributed to the variations between 

test conditions, whereas method A was conducted under a quiescent state, method B was 
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conducted under deformation (345). The strain employed in method B could slightly 

affect/disrupt the micellar entanglement, causing a delay in the phase transition process. 

Besides, the slower heating rate used in method A (1 ℃/ 2 minutes compared to 4 ℃/minute 

in method B), allows longer accommodation time at each temperature point, and thus more 

energy transfer. Nonetheless, the observed differences were non-significant (p ˃ 0.5), 

suggesting the suitability and reliability of the two methods.  

Caution should be exercised in interpreting sol-to-gel transition. Our pre-formulation studies 

demonstrated that the volume of the test formulation affects the transition temperature and 

time. Larger volumes require longer time to accommodate the temperature, which is explained 

by the time consumed in energy transfer throughout the sample. Therefore, the phase transition 

should be studied using volumes, corresponding to the desired clinical dose that will be used, 

to predict the in vivo performance better.  

All the formulations demonstrated a reversible sol-to-gel transition, as determined by the two 

methods, which is in agreement with the literature (37,163,191,346,347). Figure 4.1 presents 

viscosity changes for Formulation F1 as a function of subsequent heating and cooling, 

demonstrating its reversible sol-to-gel transition. Nonetheless, a difference in the phase 

transition temperatures and viscosity values between heating and cooling stages were observed. 

It was suggested that the hysteresis between heating and cooling might be due to a difference 

in the speed of different physical phenomena, micellar aggregation and breaking up (347,348). 

In addition, the difference in transition temperatures between heating and cooling might be 

attributed to the difference in energy transfer (gain and loss) rates.  

To study whether the subsequent heating and cooling alter the rheological behavior of 

poloxamers-based gels, their sol-to-gel transition temperatures were determined, then gelled 

formulations were stored at 4 ℃ for 30 minutes to restore the sol status, and the sol-to-gel 

transition temperatures were redetermined. The results suggested that there are no structural 
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changes, as transition temperatures did not change. The reversible sol-to-gel transition of 

poloxamers-based in situ forming gels is an attractive thermal behavior. In practical life, a 

formulation could turn into a gel under various conditions as improper storage. The reversible 

transition phenomenon allows the retrieval of the sol status by cooling the formulation back.  

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 (44). As 

presented in Tables 4.1 and 4.2, 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 

seconds. 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 poloxamers chains, facilitating a 

fast transition to a 3D gel network. 

 

Figure 4.1: Viscosity changes as a function of temperature, showing the reversible phase transition of 

poloxamers-based in situ forming gels.
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Table 4.2: Sol-to-gel transition temperature of selected blank and bupivacaine hydrochloride (BH)-loaded formulations, and the time required to achieve sol-to-

gel transition at 37 ℃. The findings show that reducing PPO/PEO ratio increases the sol-to-gel transition temperature and time, whereas the physical blending 

of additive polymers and sodium chloride reduces the sol-to-gel transition temperature and time. The data shows that BH inclusion increases the sol-to-gel 

transition temperature (n=3).  

Formulation 

code 

P407 

(% w/w) 

P188 

(% w/w) 

Water 

(% w/w) 

Additive 

(% w/w) 

PPO/PEO 

ratio 

Sol-to-gel transition temperature (ºC) 

Mean ± SD 

Sol-to-gel transition 

time (seconds)  

Mean ± SD Without drug With drug (1% w/w) 

F1 23 5.5 71.5 —— 0.30 27.0 ± 0.0 28.3 ± 0.33 90.0 ± 0.00 

F2 20 8.5 71.5 —— 0.28 35.5 ± 0.33 36.3 ± 0.66 180.0 ± 4.08 

F1SA 23 5.5 71.5 sodium alginate 

(0.5) 

0.30 26.0 ± 0.00 27.3 ± 0.66 81.6 ± 2.35 

F1MC 23 5.5 71.5 methylcellulose 

(0.35) 

0.30 25.6 ± 0.33 26.6 ± 0.00 83.3 ± 2.35 

F1CMC 23 5.5 71.5 carboxymethylcell

ulose (0.35) 

0.30 26.3 ± 0.33 27.3 ± 0.00 85.0 ± 0.00 

F1CH 23 5.5 71.5 Chitosan (0.5) 0.30 26.0 ± 0.00 26.6 ± 0.33 95.0 ± 4.08 

F1NaCl 23 5.5 71.5 sodium chloride 

(0.4%) 

0.30 25.4 ± 0.00 25.6 ± 0.33 30.0 ± 0.00 
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4.5.2 Compatibility studies  

4.5.2.1 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 4.2, the inclusion of additive polymers 

into poloxamers triggered mild intermolecular interactions, which agrees with the literature 

(50,340–343). The blending of sodium alginate into poloxamers solution caused 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 (340,343). Likewise, the blending of methylcellulose, carboxymethylcellulose 

and chitosan into poloxamers 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 (50,340–343). 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 (349).  

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 
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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 (43). 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 (350). 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 (37,177).  

 

Figure 4.2: FTIR spectra of (Ⅰ) blank F1 poloxamers, (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. 

4.5.2.2 Thermal analysis  

Thermal analysis was performed to further investigate the intermolecular interaction and 

compatibility of BH in the developed in situ forming gel. As shown in Figure 4.3A, BH 

exhibited an initial loss in mass between 109 ℃ and 151 ℃, which may be attributed to the 

dehydration of BH. This occurs above 100 ℃ and is typical of the relatively stable water of 
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crystallization (40). Of note, the percentage of mass loss was calculated to be 5.2%, which 

corresponds to the stoichiometric ratio of water to BH in the monohydrate (40). The complete 

decomposition of BH took place at 258 ℃, determined by significant weight loss (40). The 

DSC curve of BH (Figure 4.4A) exhibited two endothermic peaks, a broad peak at 128.4 ℃, 

followed by a doublet peak at 260 ℃. The first peak corresponds to the dehydration process, 

as demonstrated by the TGA (37). This has been further affirmed by performing the cyclic 

DSC run, as the subsequent cooling and heating of the drug sample did not show any thermal 

phenomena, suggesting that the first endothermic peak corresponds to the loss of water of 

crystallization (Figures 4.5 and 4.6). The second endothermic peak (260 ℃) is attributed to the 

melting of BH (41). Of note, BH melting is characterized by two divided non-resolute peaks 

(256.4 and 260.0 ℃), which may indicate the presence of more than one crystal form of BH. 

V. Niederwanger et al. demonstrated that BH undergoes a transition into two different 

crystalline forms upon heating (40).  

 TGA of poloxamers did not show any mass loss corresponding to residual moisture (Figure 

4.3B). In good agreement with the literature, poloxamers demonstrated a one-step 

decomposition starting around 311℃ and completed at 450 ℃ (42). DSC analysis of 

poloxamer 407 (Figure 4.4B) showed an endothermic peak at 55 ℃, corresponding to its 

melting temperatures (42,43). The cyclic run of the poloxamer demonstrated crystallization at 

20.2 ℃ and re-melting upon the second run at 48.3 ℃ (Figure 4.6).  

The thermogram of the BH-poloxamer mixture demonstrated a shift in their melting 

temperatures compared to their individual curves (Figure 4.4C). BH exhibited shifting from 

256.4 to 254.5 ℃ and from 260.0 to 257.3 ℃. Likewise, poloxamers melting temperature 

decreased from 55.3 to 53.5 ℃. These findings, in agreement with FTIR, suggest an 

intermolecular interaction between BH and poloxamers. As presented, BH melting exhibited 

sharper peaks in the mixture compared to the drug alone (Figure 4.4C). This might be due to 
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the difference between poloxamers and BH melting temperature. Poloxamers melt at a 

significantly lower temperature compared to BH. The molten polymer might affect the heat 

transfer rate and, therefore, the melting kinetics of BH (43).   

 

 Figure 4.3: Thermogravimetric analysis (TGA) of (A) bupivacaine hydrochloride and (B) poloxamers 

407. 

 

Figure 4.4: DSC curve of freeze-dried powders of (A) bupivacaine hydrochloride (BH), (B) poloxamers 

407 and (C) BH: poloxamers (1:1 mixture). The vertical lines and outlined text boxes are added to guide 

for the peak shifting. 
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Figure 4.5: Cyclic (heating-cooling-heating) DSC curve of bupivacaine hydrochloride (BH) over a 

temperature range of (A) 0 to 160 °C and (B) 0 to 270 °C. 

 

Figure 4.6: Cyclic (heating-cooling- heating) DSC curve of poloxamer 407 over the temperature range 

of 0-275 °C. 

4.5.3 Mechanical studies 

4.5.3.1 Gel hardness and strength  

The mechanical properties of the selected formulations are shown in Table 4.3. As presented, 

F2 demonstrated significantly lower mechanical properties compared to F1, attributed to its 
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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 (50,340–343). Interestingly, F1NaCl demonstrated the 

highest gel strength and hardness, which could be attributed to its salting-out effect and NaCl-

poloxamers crosslinking, as demonstrated by our FTIR findings. It has been previously 

reported that NaCl (1% w/w) triggered a 60-fold increase in gel strength of poloxamers-based 

gel (15% w/w P407: 15% w/w P188) (56). Our findings indicated that NaCl increases the gel 

mechanical properties as a function of its concentration (gel strength recorded 258.8, 238.7.1, 

207.0 and 124.8 at NaCl concentrations 0.9, 0.6, 0.4 and 0% w/w), which is in agreement with 

the literature (228).  

The gel strength and hardness might play a crucial role in defining the release profile and 

predicting the in vivo performance of poloxamers-based thermoresponsive gels, wherever 

formulation is subject to high mechanical stress such as IA administration. Formulations with 

low mechanical properties are likely to disintegrate rapidly, causing fast drug release and 

triggering toxicity issues (184,192). 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 (37).   
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4.5.3.2 Injectability  

The total work and maximum force required for injectability are shown in Table 4.3. 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 4.5.4). Except for chitosan, all the additives 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 

(50,340–343). 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 syringe through a needle (351). It is a 

mandatory parameter for characterizing injectable formulations as per FDA (337). 

Formulations requiring an injectability force above 3000 g may not be suitable for parenteral 

administration (337,352). Whereas the results suggest that all the developed formulations are 

suitable for parenteral administration, polymeric additives render the formulations more 

difficult to administer.   
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Table 4.3: Gel mechanical properties (presented as gel hardness and strength at 37 ℃ ± 0.5 and 

injectability data at 20 ℃ ± 0.5), showing that decreasing PPO/PEO ratio significantly reduced the gel 

mechanical properties, whereas sodium chloride & polymeric additive promoted the gel mechanical 

properties (n=3). 

Formulation code Gel hardness  

(g) 

Mean ± SD 

Gel strength 

 (g. sec) 

Mean ± SD 

Maximum 

force (g)  

Mean ± SD 

Work done 

 (g. meter) 

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 

 

4.5.4 Rheological analysis 

4.5.4.1 Frequency sweep   

Identifying the linear viscoelastic region of a thermoresponsive gel is essential for further 

rheological characterization (353). 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 maintained their internal structure and integrity.  

The rheological behavior was studied at 37 ℃ ± 0.5 and under deformation to predict the in 

vivo performance (45,194,346). As presented in Figure (4.7A), 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 at 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 
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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 under Section 4.5.2. 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 (346). In contrast, a hydrogel with dominant viscous 

properties is likely to rapidly deform under stress, causing the fast release of the encapsulated 

drug, particularly wherever it is subject to high applied stress, such as IA administration.  

4.5.4.2 Flow sweep analysis 

The flow behavior was determined as it directly affects the ease of administration for an 

injectable formulation. As presented in Figure (4.7B), 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 with 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 (50,340–343).  
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Figure 4.7: (A) rheograms of the developed gel formulations at 37 °C, showing the dominant elastic 

properties at test conditions (B) Change in shear stress as a function of shear rate at 20 ℃, showing the 

Newtonian-like flow behavior of the formulations. 

4.5.5 In vitro drug release and kinetic studies  

The in vitro release curves are presented in Figure 4.8. 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 (44) 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 of 17.3% ± 1.8 (Figure 4.8D). The 

physical blending of additive polymers didn't 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 

4.8D). The calculated similarity factor showed the dissimilarity between the release profiles of 
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F1 and F2 (f2 ˃ 50; Table 4.4). On the contrary, a similarity (f2 > 50) 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 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 4.8A). In addition, the burst release over the first 

six hours increased from 9.1% ± 1.2 to 17.3% ± 1.8 (Figure 4.8D), as compared to the base 

formulation F1. This could be attributed to its longer sol-to-gel transition time, Table 4.2. 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 4.8B). 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 from 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 4.8C & 4.8D). This could be 

attributed to its significantly faster sol-to-gel transition, Table 4.2, reducing the lag time 

between injection into the release medium and gel formation. 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 

(37). Of note, the overall release profile from F1NaCl was similar to F1 ((f2 = 69, Table 4.4).  
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Figure 4.8: (A, B and C): In vitro release profile of the developed thermoresponsive gel formulations 

over two weeks, showing the sustained bupivacaine hydrochloride (BH) release (n=3). (D): Percentage 

BH released over the first six hours of test formulations. *: p ˃ 0.05, **: p < 0.05 using ordinary one-

way ANOVA, with multiple comparison to formulation F1.  

4.5.5.1 Mathematical modeling   

To identify the mechanisms of release of BH, mathematic kinetic models were applied to the 

obtained release data (Table 4.4). Zero-order model best describes where the drug release is 

independent of its concentration, whereas first-order describes the systems where the release is 

only a function of the remaining drug concentration. Higuchi model refers to the systems where 

drug diffusion is the dominant release mechanism, and matrix erosion is negligible. The 

Hixson–Crowell model best fits systems where surface erosion occurs as a function of time. 

Korsmeyer–Peppas is a more comprehensive model to describe the release from polymeric 

systems (354).  

As shown, the Higuchi 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 and the role 

of gel erosion is negligible (42,354). Generally, the release of small hydrophilic molecules from 
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poloxamers matrices is governed by their diffusion through the interconnected aqueous 

channels within the gel matrix (176,177). On the other hand, BH release from F2 was well 

described by the Hixson-Crowel model, indicating a considerable contribution of gel erosion 

mechanism (355). This could be attributed to its relatively hydrophilic nature, allowing the 

buffer diffusion into the gel matrix and facilitating its erosion.   

Table 4.4: 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. 

Formulation 

code 

Zero-

order 

First-

order 

Higuchi Hixson-

Crowel 

Korsmeyer-

Peppas 

Similarity 

factor (f2) 

             R2  

F1 0.961 0.848 0.997 0.885 0.659 NA 

F2 0.897 0.980 0.989 0.991 0.690 43 

F1SA 0.980 0.830 0.989 0.877 0.705 74 

F1MC 0.971 0.780 0.992 0.841 0.695 74 

F1CMC 0.977 0.847 0.992 0.889 0.707 80 

F1CH 0.913 0.894 0.994 0.920 0.623 51 

F1NaCl 0.949 0.848 0.993 0.891 0.590 69 

 

4.6 Conclusion  

This study compared three different formulation strategies to minimize the initial burst release 

and to sustain the release of BH, a small hydrophilic drug, from poloxamers-based 

thermoresponsive gels. 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 hours. 

Meanwhile, physical blending with additive polymers had a negligible effect on the burst 

release and overall release profile of the model drug. The findings suggest that increasing the 

hydrophobic component (increasing PPO/PEO ratio) of poloxamer gels is a simple and 
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successful approach to reduce the initial burst release and sustain the release profile of BH. 

Likewise, the inclusion of NaCl is effective in limiting the initial burst release. Meanwhile, the 

physical blending of additive polymers was not effective in sustaining the release of BH. A 

formulation composed of 23% w/w P407 and 5.5% w/w P188, with or without NaCl (0.4% 

w/w), was chosen for further development. The next chapter (Chapter 5) describes further 

optimization and in vitro characterization of the poloxamers-based in situ gelling formulations 

loaded with two drugs; both BH and KT.   
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5.1 Declaration  

The major section of this Chapter has been published as:  

Abdeltawab H, Svirskis D, Boyd BJ, Hill A, Sharma M. Injectable thermoresponsive gels 

offer sustained dual release of bupivacaine hydrochloride and ketorolac tromethamine for up 

to two weeks. International Journal of Pharmaceutics. 2021 Jul 15;604:120748. It has been 

reused with permission from Elsevier, and can be accessed at 

 https://www.sciencedirect.com/science/article/abs/pii/S0378517321005536?via%3Dihub  

5.2 Background  

In clinical practice, multimodal analgesia is commonly employed for managing postoperative 

pain following knee arthroplasty (KA) (356). This approach involves administering drug 

combinations, each drug with a different mechanism of action (356). A combination of the 

local anesthetic bupivacaine hydrochloride (BH, Figure 2.3A) and the anti-inflammatory agent 

ketorolac tromethamine (KT, Figure 2.3B) has previously been demonstrated to effectively 

control perioperative pain, reduce hospital stays, speed patient recovery and reduce opioid 

requirements (304,329,330). Yet, the therapeutic benefits of this approach in managing the 

postoperative pain following KA are strongly limited by the short half-lives and the rapid 

elimination of BH and KT from the knee cavity (142,357). In addition, BH/KT parenteral 

admixtures are generally extemporaneously compounded in the hospitals prior to 

administration, due to the lack of marketed BH/KT combination products, limiting availability 

and exposing the patient to potential risks such as errors in dosing (358). Furthermore, the 

literature lacks data about the compatibility of their admixtures, exposing the patient to 

potential harm. Therefore, an injectable sustained release formulation that simultaneously 

offers prolonged local delivery of both BH and KT has potential clinical benefits for 

postoperative pain management following KA.  

https://www.sciencedirect.com/science/article/abs/pii/S0378517321005536?via%3Dihub
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In the previous chapter (Chapter 4), I described poloxamers-based in situ forming gels for the 

sustained delivery of BH. In addition, I investigated the effect of several formulations 

strategies, matrix hydrophobicity and physical blending of additive polymers and sodium 

chloride (NaCl), to modify drug release. The findings suggested that the physical blending of 

additive polymers had a minor effect on the release profile. Therefore, this approach was no 

longer considered in formulation development. On the contrary, it was evident that matrix 

composition/hydrophobicity and inclusion of NaCl were simple and effective strategies to 

modulate the drug release. In this chapter, I included the second drug KT in our formulation, 

which is postulated to synergize the analgesic effect of BH. In addition, the base formulation 

developed in Chapter 4 was further optimized with respect to NaCl and P188 concentrations 

for the sustained dual release of BH and KT.  

As described in Chapter 2, poloxamers-based gels comprise a 3D network of entangled micellar 

structures, which could be arranged in various patterns such as lamellar, cubic and hexagonal 

(348,359,360). The gel lattice microstructures arrangement potentially determines the system 

porosity and thus the drug release profile from in situ gelling systems (177–180,361). These 

supramolecular arrangements can be altered by several factors, such as poloxamers types and 

concentration as well as drug physicochemical properties. Margarita and Cecile et al. 

demonstrated that drug hydrophilic/hydrophobic balance might alter the micellar growth and 

the drug position with respect to the micellar arrangement (256). Nonetheless, the gel 

microstructure-drug release profile relationship is still to be established. Hence, the effect of 

P188, NaCl and drug loading on the supramolecular arrangement of the poloxamer gel structure 

was also investigated. 
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5.3 Chapter aims  

This chapter aimed to develop and optimize injectable thermoresponsive in situ forming gels 

based on poloxamers for the sustained dual delivery of BH and KT. The specific objectives of 

this chapter were to: 

1. Develop an optimized poloxamer based in situ forming gels for the dual delivery of BH and 

KT. 

2. Study the effect of the total poloxamer concentration and the inclusion of salt additives on 

gel supramolecular internal arrangement and on in vitro release profiles of the two drugs.  

3. Evaluate the chemical compatibility between BH and KT and formulation excipients. 

4. Perform comprehensive in vitro characterization of the developed in situ forming gels. 

5.4 Materials 

Bupivacaine hydrochloride monohydrate (BH) and ketorolac tromethamine (KT) were 

purchased from Jai Radhe Sales (India). Poloxamer 407 (P407), poloxamer 188 (P188) and 

phosphate-buffered saline (PBS) tablets were purchased from (Sigma-Aldrich, USA). 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. 

5.5 Methods 

5.5.1  Preparation of in situ gelling formulations  

Thermoresponsive in situ gelling systems were prepared as previously described (43). Briefly, 

predetermined weights of P407 and P188 were dissolved in specified amounts of water at 4 ℃, 

by stirring overnight. To understand the effect of total poloxamers concentration and PPO/PEO 

on the release of BH and KT, formulations were prepared with 23%w/w P407 alone (F7), as 
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well as in combination with P188 at 5.5% w/w (F8) or 11% w/w P188 (F9). Based on sol-to-

gel transition temperature, formulation F8 was selected for physical blending with 0.4% w/w 

NaCl (F8NaCl). The mixture was stirred at 4 ℃ until complete dissolution. All formulations 

were loaded with both BH (1% w/w) and KT (1% w/w) and stirred until the complete 

dissolution of drugs. The composition of developed formulations is shown in Table 5.1.  

5.5.2  Sol-to-gel transition  

The sol-to-gel transition temperature of BH/KT-loaded formulations was determined using 

AR-G2 rheometer (TA instruments, Melbourne, Australia) equipped with a temperature-

controlled Peltier plate and a stainless steel parallel plate geometry (40 mm), as described by 

Svirskis et al. with modification (43). The formulation (1.5 mL) was sandwiched between the 

parallel plate and the Peltier plate and subjected to a temperature ramp in the range of 10 to 40 

℃ at a rate of 4 °C/min. The viscosity of the formulations was plotted as a function of the 

temperature. The sol-to-gel transition temperature was identified as the temperature at which 

the sample demonstrated a sharp increase in viscosity (210).  

The reversible sol-to-gel transition was studied by subjecting the formulations to subsequent 

heating (10 to 40 °C) and cooling cycles (40 to 10 ℃) at a rate of 4 ℃/min. Changes in viscosity 

were determined as a function of temperature.  

5.5.3  Small-angle X-ray scattering analysis  

Small-angle X-ray scattering (SAXS) studies were conducted on the SAXS/WAXS (wide-

angle X-ray scattering) beamline at the Australian Synchrotron, ANSTO, Melbourne (362). 

Samples were loaded into glass capillaries (1.5 mm diameter, Charles Supper, Natick, MA) at 

4 °C using a syringe and needle. Capillaries were loaded into a temperature-controlled capillary 

holder, mounted in the path of the X-ray beam (photon energy: 13 keV), and measurements 
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were taken with a 1 s acquisition time. Temperature was set via a water bath with a 

thermocouple placed in the capillary holder to accurately record sample temperature. 

Temperature was equilibrated for 10 minutes before the acquisition, and acquisitions were 

made at approximately 5 °C intervals from 5-50 °C. A Pilatus 1 M (170 mm × 170 mm) 

detector, located approximately 900 mm from the sample position, was used to generate two-

dimensional SAXS patterns, which were reduced to scattering functions plotted as intensity (I) 

versus scattering vector (q) using Scatterbrain software version 2.71 developed in-house. 

Lattice parameters were calculated using known relationships relating peak positions to lattice 

dimensions (363). 

5.5.4  Chemical compatibility/interaction of BH, KT and poloxamers 

5.5.4.1 Fourier Transform Infra-Red Spectroscopy (FTIR)  

To probe intermolecular interactions between formulation components, a Bruker Tensor 37 

FTIR spectrophotometer (Bruker Tensor 37, Germany) equipped with OPUS 6.5 software was 

used. Solutions of poloxamers (188 and 407, 1:4), BH, BH/poloxamers (1:1 mixture), KT, 

KT/poloxamers (1:1 mixture), poloxamers/NaCl mixture and BH/KT (1:1 mixture) were 

prepared in water, freeze-dried, and the spectra of the freeze-dried powders were recorded. 

Measurements were performed in attenuated total reflectance (ATR) mode using a diamond 

crystal, over a wavenumber range of 400–4000 cm-1. Data were collected with 1 cm-1 

resolution, taking 64 scans per sample. 

5.5.4.2 Thermal analysis  

The thermal behavior of the developed formulations was studied using differential scanning 

calorimetry (DSC), TA instruments (USA) Q-200 DSC apparatus. Briefly, solutions of 

poloxamers (P188 and P407, 1:4), BH, BH/poloxamers (1:1 mixture), KT, KT/poloxamers (1:1 
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mixture), poloxamers/ NaCl mixture and BH/KT (1:1 mixture) were prepared in water and 

freeze-dried. Samples (3-10 mg) were transferred into standard aluminum pans, and the sealed 

pans were subjected to heating over a temperature range of 0 – 300 ℃ at a rate of 10 ℃/min. 

An empty pan was used as a reference, and a plot of heat flux against temperature was 

constructed for each sample. 

5.5.5  Mechanical properties   

5.5.5.1  Gel strength  

The gel strength was determined via texture analysis (TA.XT Stable Microsystems, Surrey, 

UK). The test was carried out, as described by Sharma et al. with modifications (44). Briefly, 

a sample (15 mL) was transferred into a 20 mL cylindrical glass vial (25 mm internal diameter) 

and kept at 37 ℃ in a temperature-controlled Peltier cabinet for 30 minutes to achieve complete 

gelation. A Delrin cylinder probe (10 mm) was allowed to pass through the gel at a speed of 1 

mm/second to a depth of 5 mm using a trigger force of 5.0 g. Gel strength and hardness were 

derived from the resultant force-time plot using the Exponent 32 software (336).  

5.5.5.2 Injectability 

Injectability studies were done using a universal syringe rig (A/USR) attachment (Stable 

Microsystems, Surrey, UK), as described by Shavandi et al. with modification (337). The 

formulations were loaded into a 3 mL syringe attached to an 18-gauge needle. The syringe was 

attached to the syringe rig, and the probe was allowed to compress the syringe plunger to a 

distance of 20 mm at a speed of 5 mm/second. The maximum force and the total work required 

to expel the formulation were determined, as described by Qiangnan Zhang et al. (338). The 

maximum force was calculated from the force-time plot as the highest force achieved before 

the content was expelled. Whereas the total work required for injection was calculated as the 
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total positive area obtained by the force-distance plot as plotted by the texture analyzer 

Exponent 32 software. 

5.5.6  Rheological properties 

The rheological properties were determined using AR-G2 rheometer (TA instruments, 

Melbourne, Australia) equipped with a temperature-controlled Peltier plate and a stainless-steel 

parallel plate geometry (40 mm). 

5.5.6.1 Viscosity and flow properties analysis 

The flow-ability of the formulations was determined by viscosity measurement as a function 

of shear rate over the range of 2 - 200 sec-1 at 20 ℃. 

5.5.6.2 Gel linear viscoelastic behavior 

To identify the gel linear viscoelastic region, a strain-sweep analysis was performed at 37 ℃ 

± 0.1 and fixed angular frequencies (10 and 100 rad/s) over the strain amplitude range of 0.01 

to 15%.  

To study the viscoelastic behavior of the gels, an oscillation sweep was performed at 37 ℃ ± 

0.1 over an angular frequency range of 0.1 to 100 rad/s within the linear viscoelastic region (at 

a constant and low strain amplitude of 0.02 Pa), as described by J.Hu et al. (339). The changes 

in storage and loss moduli were determined as a function of angular frequency (339).  

5.5.7  In vitro drug release studies 

In vitro drug release studies were conducted in flat bottom falcon tubes using PBS (pH 7.4) as 

release media, under sink conditions (BH and KT concentrations in the release medium was 

never more than 10% of the saturated concentration), as described by Svirskis et al. (43). 

Briefly, a known amount of each formulation (1 g) was injected into a tube containing 4 mL of 
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PBS (prewarmed to 37 ℃). The tubes were placed at a rocking shaker and agitated at 10 rpm. 

The temperature was maintained at 37 ℃ throughout the study. At specified time intervals, 

aliquots (50 µL) were withdrawn and replaced by fresh prewarmed PBS to maintain the sink 

conditions. The aliquots were diluted with appropriate volumes of the mobile phase and 

analyzed using an HPLC method, developed and validated in the laboratory for the 

simultaneous determination of BH and KT (Chapter 3, section 3.6.2). The results were 

expressed as a percentage cumulative drug release against time. The similarity of BH/KT 

release profiles among developed formulations was evaluated using the similarity factor (f2).  

5.5.7.1 Mathematical modeling of the release profiles 

To identify the dominant mechanism of drug release, the in vitro drug release data was applied 

to zero-order, first-order, Higuchi and Hixson-Crowel release kinetics models, as described in 

Chapter 4 (section 4.4.6.1.). 

5.5.8  Statistical analysis of data 

All results are represented as mean ± standard deviation (SD), where n = 3. The statistical 

differences were calculated using one-way analysis of variance (One-way ANOVA), with 

multiple comparisons to the formulation (F7), unless specified. Whereas the statistical 

difference between F8 and F8NaCl results was calculated using paired t-test. The confidence 

level of significance was calculated using GraphPad Prism 8.2.1 (Graph Pad Software Inc., 

USA). 
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5.6 Results and discussion  

5.6.1 Sol-to-gel transition  

Table 5.1 shows the composition and sol-to-gel transition temperatures of blank and BH/KT-

loaded formulations. As presented, a direct relationship was observed between P188 

concentration and sol-to-gel transition temperature. Formulation (F9) with a lower PPO/PEO 

ratio, underwent a phase transition at higher temperatures since more energy is required to 

break down the abundant hydrogen bonds between hydrophilic EO units and water (180). In 

comparison, formulation F7 easily dehydrated at a significantly lower temperature (p <0.0001), 

attributed to its relatively higher PPO/PEO ratio. The addition of NaCl in formulation F8NaCl 

significantly reduced the gelation temperature (p <0.005), which has previously been ascribed 

to its salting-out effect (56,184). NaCl forms ionic crosslinks with poloxamers, enhancing the 

hydrophobic interactions between poloxamer molecules, thereby accelerating the phase 

transition. The addition of 1% w/w BH and KT significantly reduced the phase transition 

temperature (p <0.005), suggesting an intermolecular interaction with poloxamers. The pH of 

the drug-loaded formulations ranged from 6.5 to 6.9. Considering the pKa of the drugs (8.15 

for BH and 3.5 for KT) (139,364), ionized forms of both BH and KT are likely to exist in 

solution, with potential interaction with the micellar corona and causing a reduction in the 

phase transition temperature (256,344).  

The speed of sol-to-gel phase transition is also critical and governs the initial burst release from 

poloxamer gels. As evident from Figure 5.1A, formulations F7 and F8NaCl exhibited a higher 

gradient in the viscosity curves suggesting faster sol-to-gel transition as compared to F9 and 

F8. Formulations with faster sol-to-gel transition are likely to have a shorter lag time between 

injection and gel formation and, thus, will have limited burst release following administration.  
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In agreement with the literature, all formulations exhibited a reversible phase transition. Yet, a 

hysteresis in viscosity curves was observed between the heating and cooling cycles (Figure 

5.1B), corroborating Chapter 4 findings (section 4.5.1). This could be attributed to the 

difference in energy transfer (gain and loss) rates between liquid and semi-solid matrices, 

leading to a difference in the speed of different physical phenomena, such as micellar 

aggregation and disassembly (347,348).  

 

Figure 5.1: Viscosity changes of bupivacaine hydrochloride (BH)/ketorolac tromethamine (KT)-loaded 

formulations as a function of temperature; (A) showing the relatively higher gradient of F7 and F8NaCl, 

suggesting a faster phase transition, and the lower gradient of F8 and F9, suggesting a slower sol-to-gel 

transition, and (B) the reversible phase transition of F8 showing a hysteresis between sol-to-gel and gel-

to-sol transitions.  
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Table 5.1: Composition and sol-to-gel transition temperature of blank and bupivacaine hydrochloride 

(BH)/ketorolac tromethamine (KT)-loaded formulations, showing the impact of P188, NaCl and drugs 

(BH/KT) inclusion on the phase transition temperature (n=3 ± SD). 

Formulation 

code 

P407 P188 Water  NaCl 

 

PPO/PEO 

ratio 

Sol-to-gel transition 

temperature (ºC) 

 Mean ± SD (% w/w) 

Blank BH & KT* 

F7 23 —— 77 —— 0.33 19.6 ± 0.0 17.9 ± 0.2 

F8 23 5.5 71.5 —— 0.30 26.6 ± 0.0 24.9 ± 0.5 

F8NaCl 23 5.5 71.5 0.4 0.30 23.6 ± 0.0 20.9 ± 0.3 

F9 23 11 66 —— 0.28 28.4 ± 0.2 26.6 ± 0.3 

* 1% w/w of each.  

5.6.2  Small-angle X-ray scattering analysis 

5.6.2.1 Micellization and phase transition    

SAXS diffraction profiles of BH/KT-loaded formulations as a function of temperature are 

shown in Figure 5.2. An inverse relationship was observed between the critical micellization 

temperature (CMT) and poloxamers concentration; CMT was recorded as 7, 12 and 16.5 ℃ 

for F9, F8 and F7, respectively, attributed to the fact that micellization is a concentration-driven 

process (365,366). The inclusion of NaCl, formulation F8NaCl, reduced the CMT from 12 to 

7 °C, attributed to the increased hydrophobic interactions (367,368).  

As temperature rises, micellar growth and entanglement occur, causing the system to undergo 

a disordered to an ordered transition (DOT). In agreement with the rheological data, the SAXS 

findings denote that the temperature range required to achieve the transition from discrete 

micellar structures to a packed system is altered by the matrix hydrophobicity and 

concentration. As presented in Figure 5.2, F9 exhibited micellization at 7 ℃ yet maintained 

the disordered phase up to 22 ℃, whereas F7 exhibited both micellization and transition at 16.5 

℃. This could be explained by the differences in PPO/PEO ratios. A formulation that has a 

low ratio of PPO/PEO, such as F9, requires more energy to break down the hydrogen bonds 
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between hydrated PEO blocks and water and achieve micellar entanglement, and vice versa. 

Likewise, F8NaCl exhibited a transition from disordered to a face-centered cubic arrangement 

at a lower temperature (12.5 ℃) compared to F8 (16.5 ℃), attributed to its salting-out effect 

and ionic crosslinking between NaCl and poloxamers, facilitating the hydrophobic interaction 

between micelles (56,184).  

The temperature at which all unimers are transferred into micelles can be described as the end 

of micellization temperature (Tend). In SAXS profiles, Tend can be identified as the temperature 

beyond which there is no further increase of peak intensities (369). As presented, all 

formulations demonstrated Tend in the temperature range of 33-37 ℃, regardless of their 

composition, which is in good agreement with the literature (348,360,369).  

 

Figure 5.2: Temperature-dependent structure formation in bupivacaine hydrochloride (BH)/ketorolac 

tromethamine (KT)-loaded formulations of (A) F9, (B) F8, (C) F7 and (D) F8NaCl, showing the 

influence of matrix composition on the structuring with increasing temperature. CMT represents the 

critical micellization temperature and is identified by the peak at the lowest q value (first diffraction 

peak), whereas DOT denotes the temperature at which a transition from disordered to a packed system 

takes place and is identified by the presence of two or more diffraction peaks. 
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5.6.2.2 Supramolecular arrangement 

Table 5.2 shows the relative positions of the scattered peaks recorded at 37 ℃. As presented, 

formulations F9, F8 and F8NaCl exhibited scattering at q values corresponding to the ratio of 

1: √4/3: √8/3: √11/3, denoting a typical face-centered cubic (FCC) arrangement. On the 

contrary, F7 demonstrated diffraction corresponding to 1, √2, √3, √4, √5, suggesting a body-

centered cubic (BCC) arrangement. Generally, blending of poloxamers of relatively lower 

PPO/PEO ratios into P407 solution could modify the lattice arrangement, with a potential 

impact on the release profile (361,370,371). Further studies are required to identify whether 

the change in lattice arrangement is attributed to the change of PPO/PEO ratio and/ or the 

increased concentration. Of note, inclusion of NaCl into the poloxamer mixture (F8NaCl) did 

not alter the lattice arrangement compared to F8, implying that sodium/poloxamer interactions 

are limited to the micellar corona.  

Though the loading of BH and KT into poloxamers induced a slight positive shift of the first 

diffraction peak (q1st), it didn’t alter the supramolecular arrangement. The minimal influence 

of BH/KT on the supramolecular arrangement might be attributed to their high aqueous 

solubility (139,153), suggesting their existence in the intermicellar aqueous channels without 

interference with the micellar arrangement (42). The small shift of the signal at low q value 

might indicate a possible interaction at the interface with the micellar corona, causing a slight 

increase in micellar diameter (256,361). 

Study of the lattice parameters is a key element to understand formulation performance, as drug 

diffusion is the dominant release mechanism of small hydrophilic drugs (37). As presented in 

Table 5.2, the system porosity, denoted by the distance between adjacent micellar layers, 

decreases by increasing poloxamer concentration, suggesting an increase in micellar diameter 

as a function of poloxamer concentration. Therefore, increasing the concentration of the 
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poloxamers decreases the system porosity, with a potential to reduce drug diffusion rates and 

sustain its release.  

Table 5.2: Relative peak position and molecular arrangement of bupivacaine hydrochloride 

(BH)/ketorolac tromethamine (KT)-loaded formulations at 37 ℃, showing the influence of matrix 

composition on the supramolecular arrangement. Lattice was assigned according to (363). 

Formulation 

code 

Peaks positions (q) Relative positions 

(qnth/q1st) 

Supramolecular 

arrangement 

d* (A) 

F7 0.0398, 0.0561, 0.0690, 0.0802, 

0.0890 

1, √2, √3, √4, √5 Body-centered 

cubic 

59.3 

F8 0.0378, 0.0433, 0.0724, 0.0750 1, √4/3, √8/3, 

√11/3, √12/3 

Face-centered 

cubic 

65.7 

F9 0.0398, 0.0450, 0.0647, 0.0759, 

0.0810 

1, √4/3, √8/3, 

√11/3, √12/3 

Face-centered 

cubic 

83.7 

F8NaCl 0.0378, 0.0433, 0.0724, 0.0750 1, √4/3, √8/3, 

√11/3, √12/3 

Face-centered 

cubic 

65.7 

*: d= 2π/q; where d is the distance between two adjacent planes (layers), and the qist is the position of the first 

diffraction peak with lowest q value (372). 

5.6.3 Interaction and chemical compatibility between formulation components 

5.6.3.1 Fourier transform infra-red (FTIR) spectroscopy 

Probing the intermolecular interactions between various formulation components is critical to 

ensure their chemical compatibility (373). As presented in Figure 5.3, the inclusion of BH, KT 

or NaCl, individually, into poloxamers solution triggered a shifting of their characteristic peaks, 

denoting intermolecular interactions between poloxamers and added materials. Yet, all 

characteristic peaks were preserved, suggesting the chemical compatibility between various 

formulation components.  

The inclusion of BH into poloxamer solution caused a shift of the peak corresponding to 

poloxamer ethereal oxygen (C-O-C) stretching from 1099.3 to 1103.2 cm-1. On the other hand, 

BH spectrum exhibited a shift in its secondary amine group (C-N) stretching from 3240.2 to 

3244.1 cm-1 and the amide carbonyl group (NC=O) stretching peak split from a doublet to a 
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triplet peak. These results suggest a hydrogen bonding between the electronegative ethereal 

oxygen (C-O-C) of poloxamer and amine and amide groups of BH, where nitrogen can act as 

a proton donor (44). Likewise, the inclusion of KT into poloxamer solution caused a blue shift 

of the ethereal oxygen (C-O-C) stretching peak from 1099.3 to 1101.3 cm-1, whereas KT 

demonstrated a shift in its amine (N-H) stretching from 3344.3 to 3343.5 cm-1, suggesting a 

mild interaction between them. Likewise, the blending of NaCl with poloxamer solution caused 

a shift 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, attributed to the strong ionic crosslinking between sodium 

cations and poloxamers (56,184).  

To investigate the chemical compatibility between KT and BH, the FTIR spectrum of their 

mixture was compared to their individual spectra. KT exhibited a shift of its N-H stretching 

from 3344.3 to 3342.8 cm-1, whereas BH showed a red shift of its hydroxyl group (O-H) from 

3508.4 to 3506.4 cm-1 and amide carbonyl C=O stretching from 1654.8 to 1652.9 cm-1, 

suggesting a hydrogen bonding between the amine group of KT and the hydroxyl and amide 

carbonyl functional groups of BH. Likewise, N-H stretching of BH shifted from 3236.4 to 

3330.9 cm-1, which could be attributed to the hydrogen bonding between BH amine group and 

the free hydroxyl of KT.  

The FTIR spectrum recorded for poloxamer formulation containing both BH and KT drugs 

demonstrated mild changes, as compared to their individual spectra. However, the 

characteristic absorption bands are retained, suggesting that the chemical entity of the three 

components is preserved. Of note, the recorded intermolecular interactions between 

poloxamers and other formulation ingredients may contribute to the observed variation in the 

sol-to-gel transition temperature between blank and drug-loaded formulations. More 

importantly, they are likely to reduce the rate of BH/KT diffusion and sustain their release 

profile (37). 
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Figure 5.3: FTIR spectra of (Ⅰ) poloxamers, (Ⅱ) bupivacaine hydrochloride (BH), (Ⅲ) ketorolac tromethamine (KT), (Ⅳ) poloxamers: BH (1:1 mixture), (Ⅴ) 

poloxamers: KT (1:1 mixture), (Ⅵ) BH:KT (1:1 mixture), (Ⅶ) poloxamer: BH: KT (1:1:1 mixture) and (Ⅷ) poloxamer: sodium chloride (1:1 mixture). 

Shifted peaks are indicated with vertical dotted lines and outlined text boxes. 
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5.6.3.2 Thermal analysis  

To further assess the compatibility among various components of the developed in situ forming 

gels, thermal analysis was performed. In agreement with FTIR findings, the obtained results 

suggested intermolecular interactions between loaded drugs and poloxamers (Figure 5.4).  

As presented, poloxamers (1:4 mixture of P407 and P188) exhibited a single endothermic peak 

at 55.3 ℃, attributed to their melting phenomenon, which is in good agreement with the 

literature (374,375). DSC curve of BH showed two endothermic peaks at 111.4 and 255 ℃, 

corresponding to the loss of water of crystallization and melting, respectively (350,376,377). 

On the other hand, the DSC traces of their mixture demonstrated a slight reduction in 

poloxamers melting temperature to 53.5 ℃, whereas BH demonstrated a doublet melting peak. 

The change in BH melting peak shape could be attributed to the formation of various crystal 

forms since poloxamers melt at a significantly lower temperature than BH, which could affect 

the heat transfer rate and melting kinetics (375,377). 

In agreement with the literature, KT exhibited a sharp characteristic endothermic peak at 165.3 

℃, attributed to its melting temperature (378,379). Mixing of poloxamers and KT resulted in 

reducing their melting temperatures to 50.4 and 134.3 ℃, respectively. This could be attributed 

to ionic interactions between poloxamers and KT, as suggested by FTIR findings. On the 

contrary, no changes in poloxamers melting point were observed following NaCl inclusion. 

Notably, blending of BH and KT caused a drop of KT melting temperature from 165.3 to 147.3 

℃, whereas BH demonstrated a broad endothermic peak at 248.5 ℃ corresponding to its 

melting, suggesting an intermolecular interaction between KT and BH as demonstrated by 

FTIR findings.   

The DSC curve of poloxamers-BH/KT mixture exhibited three endothermic peaks at 53.5, 139 

and 258.3 ℃, attributed to the melting of poloxamers, KT and BH, respectively, suggesting 
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intermolecular interactions between the two drugs with no evidence of incompatibility, which 

is in agreement with FTIR results. 

5.6.4 Mechanical properties  

5.6.4.1 Gel strength and hardness 

The mechanical properties of the formulations are shown in Table 5.3. As presented, a direct 

relationship was observed between total poloxamer concentration and gel strength/hardness. 

Formulations F9 and F8 exhibited significantly higher gel strength (p < 0.0001 and 0.05 

respectively) and hardness (p < 0.0005 and 0.05 respectively), as compared to F7. This 

observation corroborates the SAXS findings, which demonstrated that increasing the 

poloxamer concentration reduced the system porosity, promoting the micellar entanglement 

and thus leading to increased gel strength. In agreement with Chapter 4 findings, the inclusion 

of NaCl into poloxamers (F8NaCl), significantly promoted the gel strength (p < 0.005) and 

hardness (p < 0.05), as compared to F8 (56,57). This is attributed to the salting-out effect and 

crosslinking between sodium ions and poloxamers, as demonstrated by FTIR.  
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Figure 5.4: DSC curves of (Ⅰ) poloxamers, (Ⅱ) bupivacaine hydrochloride (BH), (Ⅲ) ketorolac tromethamine (KT), (Ⅳ) poloxamer: BH (1:1 mixture), (Ⅴ) 

poloxamers: KT (1:1 mixture), (Ⅵ) BH: KT (1:1 mixture), (Ⅶ) poloxamer: BH: KT (1:1:1 mixture) and (Ⅷ) poloxamer: sodium chloride (1:1 mixture). All 

curves were recorded for freeze-dried powders. Shifted peaks are indicated with vertical dotted lines and outlined boxes. 
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The gel strength by penetration represents the force required to rupture the internal structure, 

and it provides information on the system's compactness. In comparison, gel hardness is a 

measure of gel strength under compression/deformation (380). Both the gel strength and 

hardness play a crucial role in predicting the in vivo performance of poloxamers-based in situ 

forming gels. A formulation with high gel strength, such as F9, is likely to maintain its in vivo 

integrity for a longer duration with a potential to sustain drug release, wherever gel erosion is 

the rate-limiting step (37). However, attention is required in the development of injectables, 

since increasing poloxamer concentration may enhance the formulation viscosity, creating 

higher resistance for syringeability/injectability.  

5.6.4.2 Injectability  

The total work and maximum force required for injectability are shown in Table 5.3. In 

agreement with gel strength/hardness data, F9 exhibited significantly higher resistance to 

injectability (p <0.005), attributed to its higher viscosity as demonstrated under rheological 

analysis (section 5.6.5). Likewise, F8NaCl demonstrated significantly higher resistance to 

injectability (p <0.05) compared to F8. Of note, the injectability of F7 was not assessed as the 

formulation turned into a gel at the test temperature. Though there are no official limits 

described, it is recommended that the maximum force required for injection should not exceed 

3000 g for the ease of manual injection (352), suggesting the suitability of the developed 

formulations (except F7) for the intended purpose.  
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Table 5.3: Gel hardness and strength at 37 ℃ and injectability data (represented as maximum force and 

work done) at ambient room temperature (20 ℃), showing that increasing poloxamer concentration and 

inclusion of NaCl promoted the gel mechanical properties (n=3 ± SD). 

Formulation 

code 

Gel hardness 

(g) 

Mean ± SD 

Gel strength  

(g. sec) 

Mean ± SD 

Maximum force 

(g) Mean ± SD 

Work (g. meter) 

Mean ± SD 

F7 36.7 ± 0.1 143.2 ± 0.4 * * 

F8 51.0 ± 3.2 185.8 ±13.4 2108.0 ± 55.6 30.5 ± 1.7 

F9 68.9 ± 4.9 282.4 ± 21.8 2659.9 ± 38.0 54.1 ± 0.5 

F8NaCl 63.9 ± 2.5 231.3 ± 10.3 2289.6 ± 39.8 41.7 ± 0.7 

*: Test was not completed, as formulation turned into a gel at test temperature.  

5.6.5  Rheological analysis  

5.6.5.1 Flow sweep and viscosity measurement  

The study of apparent viscosity and flow behavior of parenteral formulations is especially 

important, as they directly affect the ease/difficulty of syringeability and injectability. As 

presented in Figure 5.5A, all formulations (except F7) exhibited a Newtonian-like flow at 20 

℃, suggesting their suitability for injection (191). On the contrary, F7 exhibited pseudoplastic 

flow attributed to its gel status at test conditions, suggesting its unsuitability for the intended 

purpose. Of note, increasing the total poloxamer concentration from 28.5% w/w (F8) to 34% 

w/w (F9) caused a rise of the apparent viscosity independent of the applied stress, attributed to 

the formation of a more packed and entangled system, as evident from SAXS results (section 

5.6.2) (50,191). Likewise, F8NaCl demonstrated higher viscosity compared to F8, attributed to 

the crosslinking between NaCl and poloxamers that has been shown under FTIR results 

(section 5.6.3.1).  

Although a formulation with high viscosity is likely to form a stronger gel and contribute to a 

slower drug release rate, it is challenged by the difficulty of syringeability and injectability 

(338). It has been postulated that formulations with a viscosity higher than 300 mPas and/or 

exhibiting shear thickening behavior are difficult to inject (196).  
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5.6.5.2 Linear viscoelastic region 

Figure 5.5B presents the change in moduli strength as a function of oscillation strain amplitude. 

In agreement with the literature, all formulations demonstrated dominant linear elastic modulus 

at low oscillation strain (< 1 to 1.5%), indicating the stability of their internal arrangement over 

a small range of strain amplitude (381). Above 1.5% amplitude, the developed in situ forming 

gels exhibited a progressive decrease in the elastic modulus and increase of the viscous 

component as a function of oscillation strain, denoting their deformation (381).  

The study of the linear viscoelastic region is essential to predict the in vivo performance of 

injectable in situ forming gels and to better design further rheological characterization. 

Formulations that can maintain their intrinsic structure under deformation are likely to stay for 

a longer period of time at the administration site with potential sustained release properties.  

5.6.5.3 Viscoelastic behavior 

The analysis of viscoelasticity was conducted at oscillation amplitude below 1%, within the 

linear viscoelastic region, to ensure gel internal structural integrity was maintained. As 

presented in Figure 5.5C, all formulations demonstrated dominant elastic properties compared 

to viscous properties independent of the angular frequency, confirming that all formations exist 

in the gel status at test conditions. In agreement with the mechanical and other rheological 

findings, a direct relationship was observed between the poloxamer concentration and elastic 

modulus. Likewise, the inclusion of NaCl promoted the gel strength, attributed to its 

crosslinking with poloxamers, as shown by FTIR findings.  
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Figure 5.5: Rheological behavior of the developed formulations. (A) Change of the shear rate as a 

function of shear stress of bupivacaine hydrochloride (BH)/ketorolac tromethamine (KT)-loaded 

formulations at 20 °C, showing the Newtonian-like flow of F9, F8 and F8NaCl and the pseudoplastic 

flow of F7, (B) change of formulation moduli strength as a function of strain amplitude, showing the 

effect of poloxamer concentration on the gel intrinsic stability and (C) the rheogram of the in situ gelling 

formulations at 37 °C, showing the dominant elastic properties at test conditions. 

5.6.6  In vitro drug release  

The in vitro release profiles of BH and KT from the developed in situ forming gels are shown 

in Figures 5.6A and 5.6B, respectively. All formulations demonstrated sustained release of 

both drugs over two weeks. Notably, the percentage cumulative release of BH and KT in the 

first 6 hours was less than 10% and 8.5%, respectively. An indirect relationship between the 

total poloxamer concentration and release profile (rate and duration) of BH and KT was 

observed; F9 exhibited significantly lower release rates (p < 0.05) compared to F8. The 

inclusion of NaCl, formulation F8NaCl, significantly reduced the drug release over the first 

day (p < 0.05). However, after day 1 the release rate was comparable to F8. Kinetic modeling 

of the release data suggested drug diffusion as the dominant release mechanism for both BH 

and KT (Table 5.4). The calculated similarity factors demonstrated the similarity of release 
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profiles of the two drugs (Table 5.4), which could be attributed to their comparable aqueous 

solubility and molecular weights.  

Several attempts have been made to sustain the release of local anesthetics from poloxamers-

based in situ gelling systems (42–45). However, these trials were challenged by the short 

release profile and the initial burst release of the loaded drug. Previous studies have reported a 

cumulative release of 40-90% of the loaded drug in the first 6 hours (42–45). Here I report less 

than 10% of cumulative release of both BH and KT in the first 6 hours for all formulations. 

This could be attributed to the relatively lower sol-to-gel transition temperature and faster 

gelation, limiting the lag time between injection and phase transition and thus burst release. 

Reducing the initial burst release carries potential clinical benefits as it may reduce the risk of 

systemic toxicity (37). In agreement with the SAXS and rheological findings, F8NaCl 

exhibited limited BH/KT release over the first 6 hours (1.65 and 1.57%, for BH and KT, 

respectively) attributed to its rapid phase transition.  

Although small hydrophilic drugs are likely to diffuse rapidly out of the gel matrix into the 

surrounding release media, BH and KT demonstrated a sustained release for two weeks. This 

could be attributed to the highly packed arrangement of the developed matrices, as 

demonstrated by SAXS, which in turn reduced BH/KT diffusion rates and prolonged their 

release profiles. In addition, the chemical interactions between BH/KT and poloxamers, as 

shown by FTIR and thermal analysis, are likely to hinder BH/KT diffusion rates, contributing 

to the sustained BH/KT release and minimizing the initial burst release (37). The indirect 

relationship between the total poloxamer concentration and release rates of BH/KT is attributed 

to the decreased system porosity, as shown by SAXS findings. Formulations with higher 

poloxamer concentrations, such as F9, exhibited overall slower drug release, attributed to the 

relatively smaller intermicellar spaces, which hindered the diffusion of drugs. Besides, the 
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relatively higher gel mechanical and rheological properties demonstrated by F9 are likely to 

contribute to reduced release rates via slow gel erosion.  

The effect of NaCl on the release profiles of the loaded drugs from poloxamers-based in situ 

forming gels is debatable in the literature. Several researchers have reported slower release 

rates of drugs in the presence of NaCl (51,227,228), whereas others demonstrated that NaCl 

enhanced the release of meloxicam from poloxamers (184). The present work demonstrates a 

reduction in the release with the inclusion of NaCl over the first day, followed by slightly higher 

release rates. The initial reduction of drug release can be attributed to the quick sol-to-gel 

transition and increased rheological and mechanical properties, which hindered drug diffusion. 

Thereafter, due to the high water solubility, NaCl tends to diffuse to the bulk solution leaving 

pores in the gel matrix and enhancing the diffusion of loaded drugs (37,184,227).  

Various concentrations of NaCl were initially screened, namely 0.4, 0.6 and 0.9% w/w. It was 

observed that NaCl enhances the mechanical and rheological properties as a function of its 

concentration, which is in agreement with the literature (57). Nevertheless, 0.6 and 0.9% w/w 

NaCl reduced the sol-to-gel transition temperature, and the formulations became turbid 

following storage over a month at 4 ℃. The formed precipitate was recovered, freeze-dried 

and analyzed by FTIR. The recorded FTIR spectrum demonstrated peaks at 2875.7 and 1097.4 

cm-1, attributed to the aliphatic C-H and ethereal O-H stretching, respectively (Figure 5.7). The 

data suggest the precipitation of poloxamers in presence of high concentrations (≥ 0.6 w/w) 

NaCl over time. 
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Figure 5.6: In vitro release profile of (A) bupivacaine hydrochloride (BH) and (B) ketorolac 

tromethamine (KT) from test formulations, showing the effect of poloxamer concentration on the drug 

release profile (n=3). Insets present the release profiles of (A) BH and (B) KT over the first day, showing 

the limited BH/KT release from F8NaCl, compared to F8. 

 

Figure 5.7: FTIR spectra of (A) blank poloxamers and (B) residue precipitated in F8NaCl, suggesting 

the precipitation of poloxamers in presence of NaCl over time.  
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5.6.6.1 Mathematical modeling of the release profiles 

Drug release from poloxamers-based in situ forming gels is controlled by both drug diffusion 

and gel erosion (163). However, the rate-limiting step varies according to the matrix 

composition and the physicochemical properties of the loaded drug (382). As shown in Table 

5.4, all formulations demonstrated a greater correlation with the Higuchi kinetic model, 

suggesting that drug diffusion is the dominant mechanism of release for both BH and KT (42). 

This could be explained by their hydrophilic nature and small sizes, allowing their diffusion 

through the interconnected aqueous channels within the gel matrix (42,176,177). This 

corroborates with the SAXS findings, which demonstrated that BH and KT exist at the interface 

between polymer chains and aqueous networks.   

 

 

Table 5.4: Calculated correlation coefficients of the release data fitting to kinetic models, showing the 

diffusion as the dominant release mechanism of the developed formulations. The similarity factor is ˃ 

50 for all formulations, suggesting the similarity of release profiles among test formulations.  

Formulation 

code 

Zero-order First-order Higuchi Hixson-Crowel Similarity 

factor* 

 BH KT BH KT BH KT BH KT BH KT 

F7 0.9332 0.9458 0.9588 0.9400 0.9973 0.9990 0.9942 0.9920 NA NA 

F8 0.9457 0.9579 0.9003 0.8417 0.9990 0.9994 0.9942 0.973 69 69 

F9 0.9516 0.9665 0.8944 0.8216 0.9984 0.9976 0.9801 0.964 55 54 

F8NaCl 0.9452 0.9556 0.9134 0.9624 0.9943 0.9970 0.9883 0.9942 66 68 

*: Formulation F7 was considered as the reference formulation for formulations F9 and F8, whereas the similarity 

factor of F8NaCl was calculated against formulation F8.  

5.7 Conclusion  

An injectable poloxamers-based thermoresponsive in situ forming gel for the simultaneous 

delivery of bupivacaine hydrochloride and ketorolac tromethamine was successfully 
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developed. The sol-to-gel transition temperature, mechanical and rheological properties of 

poloxamers-based formulations could be adjusted by modifying the matrix PPO/PEO ratio 

and/or with the inclusion of salts. SAXS data demonstrated that the intermicellar spacing and 

supramolecular arrangement could be tailored by modifying the poloxamer ratio and 

concentration, which in turn influenced drug release rates. Interestingly, the inclusion of NaCl 

significantly reduced the initial burst release from poloxamers-based gelling systems. The 

findings showed that Fickian diffusion is the prime mechanism of release from the developed 

poloxamers-based in situ forming gels for small hydrophilic drugs. This is the first formulation 

to offer a simultaneous and extended release of BH and KT for up to two weeks and with 

limited initial burst release, with potential clinical benefits for managing perioperative pain. 

The following chapter (Chapter 6) investigated the safety and toxicity of the developed in situ 

gelling formulations in a sheep animal model of arthroplasty.   
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Chapter 6: In Vivo Evaluation of the In Situ Gelling 

Formulations in a Sheep Animal Model 
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6.1 Declaration  

A considerable part of this chapter has been published as  

Abdeltawab H, Bolam SM, Jaiswal JK, McGlashan SR, Young SW, Hill A, et al. In Situ 

Gelling System for Sustained Intraarticular Delivery of Bupivacaine and Ketorolac in Sheep. 

European Journal of Pharmaceutics and Biopharmaceutics. 2022 Mar 29; 174:35-46. It has 

been reused with permission from Elsevier, and can be accessed at    

https://www.sciencedirect.com/science/article/abs/pii/S0939641122000601  

6.2 Background  

The primary aim of this project was to develop poloxamers-based in situ gelling formulations 

that offer a sustained intraarticular (IA) release of BH alone or in combination with KT. 

Therefore, testing the safety, toxicity and efficacy of the developed formulations in a suitable 

animal model was a mandatory step in this project. It is an essential step before testing in 

humans in the future (383,384). Therefore, in this chapter, I aimed to assess the in vivo safety 

and efficacy of the developed formulation following IA administration in an ovine model. The 

ovine model was chosen due to its comparable body weight and anatomical similarity to the 

human knee (385).  

Our optimization studies (Chapters 4 & 5) demonstrated that a formulation composed of P407 

(23% w/w) and P188 (5.5% w/w) offered a sustained in vitro release of BH with or without 

KT extending over two weeks, with limiting the burst release in the first six hours under 10%. 

In addition, it exhibited a sol-to-gel transition at a suitable temperature (28.3 ± 0.33 ℃), 

allowing easy parenteral administration at room temperature and the formation of a gel at 

physiological temperature of the knee joint. Furthermore, the formulation was simple to 

https://www.sciencedirect.com/science/article/abs/pii/S0939641122000601
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prepare, suggesting an easy scale-up. Therefore, this formulation was selected for animal 

studies. 

The animal studies were conducted in three phases. Figure 6.1 chronicles the stages of the 

animal studies, and their logical progression. As presented, it started with a pilot study (pilot 

study 1), to ensure that all the planned procedures can be carried out smoothly, and to ascertain 

the safety of the developed formulation before including a larger number of sheep. Following 

pilot study 1 the formulation was tweaked to avoid the formulation oozing following 

administration, and the dose was increased in the in situ gel group by three-fold, to achieve BH 

plasma levels comparable to that obtained by the BH solution group. Pilot study 2 was 

conducted using the modified formulation where the in situ gel group received three-fold the 

dose of the drug solution group. The findings suggested the safety and suitability of the 

optimized formulations at the given dose. Therefore, the main animal study was conducted 

using the same approach as pilot study 2.   
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Figure 6.1: Flow chart showing the stages of animal studies in this project. BH: bupivacaine 

hydrochloride, KT: ketorolac tromethamine, NaCl: sodium chloride.  
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6.3 Chapter aims  

The overall aim of this chapter was to assess the in vivo safety, toxicity and efficacy of the 

developed formulations in an ovine (sheep) model of arthroplasty. The objectives of this 

chapter were to:  

1. Conduct pilot studies in a small number of animals to ensure all procedures run 

smoothly, and that the in situ gelling formulation behaves as expected from in vitro 

testing.  

2. Investigate the local tissue toxicity of the developed in situ gelling formulation 

following IA administration.  

3. Assess the systemic absorption of the drug (s) and thus the safety of the in situ gelling 

formulation following IA administration.  

4. Evaluate the efficacy of the in situ gelling formulations in controlling the postoperative 

pain following arthroplasty. 

6.4 Materials 

Bupivacaine hydrochloride monohydrate (BH) and ketorolac tromethamine (KT) were 

purchased from Jai Radhe Sales (India). Marcaine 0.5%® (bupivacaine hydrochloride 0.5% 

w/w, AstraZeneca, New Zealand) and Ketolac ampoule® (ketorolac tromethamine 30 mg/mL, 

Amriya Pharmaceuticals, Egypt) were purchased from retail pharmacy shops. Propofol 

(Fresenius Kabi, Germany), Isoflurane (MedSource NZ Ltd, New Zealand), Cefazolin (AFT 

Pharmaceuticals Pty Ltd., Australia), Ceftiofur (Zoetis New Zealand Ltd., New Zealand), 

phenobarbital sodium (Provet NZ Pty Ltd., New Zealand) and Ketoprofen (Ceva Animal 

Health (NZ) Ltd., New Zealand) were supplied by The Liggin’s Institute Research Farm 

Laboratory, The University of Auckland, New Zealand. Antibiotic Simplex® Bone Cement 

with Tobramycin was received as a gift sample from Stryker Orthopaedics, Kalamazoo, 
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Michigan, United States. Ketoconazole was purchased from Sigma Aldrich (New Zealand). 

Poloxamer 407 (P407), poloxamer 188 (P188) and phosphate-buffered saline (PBS) tablets 

were purchased from Sigma-Aldrich (USA). Sodium chloride was purchased from Sigma 

Aldrich (UK). SN38405 was obtained from the Auckland Cancer Society Research Center (The 

University of Auckland). Surgical sutures (Vicryl 1, Vicryl 2-0 and Monocryl 3-0 suture 

(Johnson and Johnson Medical Devices, New Brunswick, New Jersey, USA)) were purchased 

from Capes Medical (Papamoa, New Zealand). Water used in various preparations was 

obtained by reverse osmosis (0.22 µm Milli-Q, Millipore, MA) of demineralized water. All 

other solvents and reagents used were of analytical grade. 

6.5 Methods  

6.5.1 Preparation of in situ gelling formulations  

Thermoresponsive in situ gelling systems were prepared by the cold method, as previously 

described (300). Briefly, predetermined weights of P407, P188 and NaCl (where applicable) 

were dissolved in specified amounts of water by continuous stirring at 4 ℃ until dissolution. 

Formulations were loaded with either BH (2.5% w/w) alone or in combination with KT (0.3% 

w/w). The developed formulations were sterilized by autoclaving at 121 ± 3 ℃ for 20 minutes 

and stored in the fridge (4 ℃ ± 2) protected from UV light. Table 6.1 shows the codes and 

composition of the formulations studied in this chapter.  

Table 6.1: Formulation code and composition of test formulations. 

Formulation 

code  

P407  

(% w/w) 

P188 

(% w/w) 

NaCl 

(% w/w) 

BH 

(% w/w) 

KT 

(% w/w) 

F9 23 5.5 NA 2.5 0 

F10 25 11 0.4 2.5 0.3 

F11 25 11 0.4 2.5 0 
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6.5.2 Animal model and study design  

All applicable international, national and institutional guidelines for the care and use of animals 

were followed. All experimentations were approved by the University of Auckland Animal 

Ethics Committee (#002123), in accordance with the New Zealand Animal Welfare Act, 1999. 

This study conformed to the ARRIVE guidelines (297). 

Twenty-eight Romney ewes aged between 5 and 7 years and weighing on average 75.6 ± 4.0 

kg (mean ± SD) were obtained from the Liggin’s Institute Research Farm Laboratory, The 

University of Auckland. The studies were conducted in three phases: pilot study 1 and 2, and 

the main study. Details of the animal groups, cohort size and number and treatment plan for 

each study, are shown in Table 6.2. Sheep were examined for general health at the beginning 

of the study before they were subjected to surgical manipulation.  

Table 6.2: In vivo study groups’ description, showing the administered doses of bupivacaine 

hydrochloride (BH) and ketorolac tromethamine (KT).  

Group 

code 

Number 

of sheep 

Average weight 

(kg) ± SD 

Treatment Drug (dose mg/kg) 

Pilot study 1 

G1 2 67.9 ± 4.3 Marcaine 0.5%®* BH (2.5) 

G2 2 69.0 ± 0.2 Formulation F9 BH (2.5) 

Pilot study 2 

G3 2 72.8 ± 0.8 Marcaine 0.5%® and ketolac 

ampoule®** 

BH (2.5) and KT (0.3) 

G4 2 73.9 ± 9.3 Formulation F10 BH (7.5) and KT (0.9) 

Main study 

G3 4 77.1 ± 3.1 Marcaine 0.5%® and ketolac 

ampoule®** 

BH (2.5) and KT (0.3) 

G4 4 77.8 ± 2.4 Formulation F10 BH (7.5) and KT (0.9) 

G5 6 77.7 ± 3.7 Marcaine 0.5%®* BH (2.5) 

G6 6 77.7 ± 3.9 Formulation F11 BH (7.5) 

*: Marcaine 0.5%® (bupivacaine hydrochloride 0.5% w/v). **: Ketolac ampoule® (ketorolac tromethamine 30 

mg/mL). A full description of formulations F9, F10 and F11 composition is presented in Table 6.1.  
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6.5.3 Surgical procedure  

Sheep were fasted for 12 hours with free access to water prior to surgery. They were initially 

sedated with an intravenous injection of Propofol (2-5 mg/kg). They were then transferred to 

an operating room for endotracheal tube intubation and maintained under an isoflurane inhalant 

(1-5%). Prophylactic antibiotics were given in the form of intravenous Cefazolin (22 mg/kg) 

and intramuscular Ceftiofur (2 mg/kg). A permanent catheter was placed into the jugular vein 

to administer the antibiotics and to withdraw blood samples. The right hind limb of each sheep 

was clipped free of wool to the rump. The surgical site was prepped with betadine/ethanol and 

alcohol, then draped sterilely, and prepped a final time with 2% chlorhexidine and 70% 

isopropyl alcohol. 

As presented in Figure 6.2, a medial para-patellar incision line was made to access the patella 

(the patella tendon remained intact). The patella was shifted laterally to gain access to the 

medial femoral condyle (Figure 6.2A). In order to mimic the trauma associated with KA, an 

8.0 x 20 mm hole was drilled in the medial condyle at an angle approximately parallel to the 

medullary canal using manual bone reamer drills (Zimmer Biomet, Warsaw, Indiana USA) 

(Figure 6.2B). The drill hole was irrigated with saline. Antibiotic Simplex® Bone Cement with 

Tobramycin was prepared as per the manufacturer’s instructions. Once the cement had 

developed a sufficient degree of viscosity, it was applied into the drilled hole and pressurized 

until the cement finally hardened. Notably, the cement was placed to a depth such that it did 

not extend beyond the arc of the condyle (Figure 6.2C). The joint space was then thoroughly 

irrigated with normal saline. The patella was manually shifted back to the patellar groove, and 

the leg was worked through its range of motion to confirm proper articulation. 

The joint capsule was then tightly closed with a continuous Vicryl 1 suture (Johnson and 

Johnson Medical Devices, USA), to achieve a water-tight closure. A gauge needle, size 16, was 
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then used to inject the allocated treatment analgesia intraarticularly into the closed joint space 

at an anteromedial injection site (Figure 6.2D). The skin was closed with a sub-dermal 

continuous Vicryl 2-0 suture, then subcuticular Monocryl 3-0 suture (Johnson and Johnson 

Medical Devices, USA). 

 

Figure 6.2: Photographs of the surgical procedure and cement plug placement into a medial femoral 

condyle of a sheep. (A) Femoral condyle pre-implantation. Arrow indicates the medial condyle where 

the hole will be surgically drilled. (B) Empty 8.0 mm drill hole following the coring process of the 

condyle using an 8.0 mm drill bit. (C) Cement was injected into the drill hole and pressurized. (D) 

Treatment analgesia was injected intraarticularly into the closed joint space at an anteromedial injection 

site. 



163 
 

6.5.4 Postoperative care  

Throughout the postoperative period, all animals were housed indoors in small, individual 

holding pens measuring 2.5 m x 2 m to limit mobilization. Sheep were recovered and monitored 

until they were eating, drinking and standing on their own. They were then resumed normal 

weight-bearing activity and were monitored twice daily. At 72 hours post-surgery, all animals 

were euthanized with an overdose of phenobarbital sodium (150 mg/kg) via intravenous 

injection (386). Following euthanasia, specimens (synovial membrane and cartilage) were 

taken from the limbs (operated and non-operated) and processed for histological analysis. 

Distal femurs were dissected of soft tissue and resected, leaving only the medial and lateral 

condyle for analysis. 

6.5.5 Blood samples collection and determination of BH and KT concentrations  

At the specified time points (preoperatively and at 1, 2, 4, 8, 24, 48, 72 hours following 

treatment administration), blood samples were collected through the catheter placed in the 

jugular vein. Catheter was first flushed with saline before blood collection, and the first 5 mL 

of blood were discarded to remove heparin from the tune and avoid sample dilution. Samples 

were immediately centrifuged (3500 rpm for 10 minutes at 4 ℃), and the supernatant (plasma) 

was removed and stored at - 20 ℃. For drug(s) analysis, the plasma samples were thawed on 

ice, an aliquot (20 µL) was withdrawn, and BH/KT were extracted with ice-cold acetonitrile 

(4-fold v/v) and analyzed using the developed LC-MS/MS method (as described in Chapter 3).  

6.5.6 Pharmacokinetic studies  

Relevant pharmacokinetic parameters (PK) were calculated using non-compartmental analysis 

(NCA) model assuming extravascular input, using a software package PKSolver (a menu-

driven add-in Microsoft Excel, version 2102) (387). Pharmacokinetics parameters, such as 
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maximum plasma concentration (Cmax), time to reach the maximum plasma concentration 

(Tmax), elimination half-life (T1/2), total area under the plasma concentration-time curve from 

zero to time t (AUC 0-t) and from zero to infinity (AUC 0-∞), and the area under the first moment 

curve (AUMC), were determined using PKSolver. Dose-normalization was carried out to 

compare PK parameters across different doses. The dose-normalized total area under the 

plasma concentration-time curve from zero to time t (*AUC 0-t) and from zero to infinity 

(*AUC 0-∞), and area under the first moment curve (*AUMC) were calculated by dividing 

(AUC 0-t), (AUC 0-∞) and (AUMC) by the drug dose (388–390). Likewise, the dose-normalized 

*Cmax was calculated by dividing Cmax by the drug dose.  

6.5.7  Determination of BH and KT concentrations in the synovial fluid  

To determine the concentration of BH and KT in the joint cavity at 72 hours, the synovial fluid 

was collected immediately after euthanasia using a 3 mL syringe, attached to an 18 gauge 

needle, and centrifuged at 3500 rpm for 10 minutes at 4 ℃. The supernatant was collected and 

stored at -20 ℃. For analysis, the supernatant was thawed and processed as described above 

(section 6.4.5).  

6.5.8 Determination of the inflammatory response in the synovial membrane 

Synovium was collected immediately after euthanasia from operated and non-operated (for 

comparison) knees from the patellar, posterior, medial and lateral regions of the knee joint as 

described in Figure 6.3 (391), and directly transferred to a vial containing 10% formic acid. 

For analysis, the collected synovial membranes were sectionally cut and stained with 

Hematoxylin and Eosin (H & E). Images were taken using a light microscope (Leica DM1000 

LED – used in pilot study 1) or slide scanner optical microscope (MetaSystems VSlide 

(brightfield/fluorescence) – used in pilot study 2 and main animal study). The obtained images 

were scored, by two blind observers, semi-quantitively for three features: hyperplasia of the 
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synovial lining, the extent of synovial stromal activation and synovial inflammatory infiltration 

(392). Each parameter was scored on a scale from 0 to 3 (0: no inflammation, 1: mild 

inflammation, 2: moderate inflammation and 3: severe inflammation). The mean score was 

calculated for each animal and rounded to the closest score level (0, 1, 2 and 3).  

 

Figure 6.3: Synovium collection sites, showing the collection of synovial membranes from (A) patellar, 

(B) posterior, (C) medial and (D) lateral regions. This Figure is adapted with permission from (391).  

6.5.9 Histological analysis of cartilage  

Cartilages tissues were collected immediately after euthanasia from treated and non-treated 

knees, as described in Figure 6.4. The collected cartilage was either stained with live/dead or 

H&E staining, as described below.  

 

Figure 6.4: Cartilage sampling sites, showing samples (A) and (B) collected from the medial condyle 

for live-dead staining, samples (C) and (D) collected from the lateral condyle for live-dead staining, 

and sample (E) was collected from the medial condyle for H & staining. 
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6.5.9.1 Determination of cartilage cell viability  

Cartilage punches were collected from operated and non-operated knees, as described in Figure 

6.4, and stained with live-dead dye as described by Li et al. (393). Briefly, the samples were 

incubated overnight at 4 ℃ in an Eppendorf tube containing 1 mL of live-dead dye (composed 

of Cell Tracker Green - CMFDA (20uM) and Ethidium homodimer (5uM) in DMEM). On the 

second day, samples were washed with PBS (three times, each is for 5 minutes) and incubated 

in 4% paraformaldehyde for one hour. Thereafter, the samples were washed in PBS (three 

times, each is for 5 minutes) and stored in the same solution at – 20 ℃ for imaging. 

Visualization of the live cells (green fluorescence), and the dead cells (red fluorescence), were 

determined at excitation wavelengths of 488 nm or 568 nm, and the Z-stack images were 

acquired using a confocal laser scanning microscope (Zeiss LSM 800 Airyscan, manufacturer). 

Fiji (http://fiji.sc/Fiji, Ashburn, VA, USA) was employed to count the live-dead pixels, as 

described by Pezzanite et al. (394).  

6.5.9.2 Determination of inflammatory response in cartilage 

Cartilage tissues were collected immediately following euthanasia, as described in Figure 6.4, 

and processed as previously described (395). Briefly, collected samples were immediately 

fixed in 10% v/v neutral buffered formalin and stored at room temperature for 48 hours. 

Samples were then transferred to 10% v/v formic acid, which was replaced by a fresh solvent 

every 10 days until complete decalcification. For analysis, the decalcified cartilage tissues were 

longitudinally cut and stained with H & E stain. Images were recorded using a slide scanner 

optical microscope (MetaSystems VSlide (brightfield/fluorescence)). 



167 
 

6.5.10 Efficacy assessment studies  

The efficacy of the given treatment was investigated via assessing the postoperative pain levels. 

The behavioral Sheep Grimace Scale (SGS) approach was adopted in pilot study 1. 

Nonetheless, a collaborative team (The School of Veterinary Sciences, Massey University, 

New Zealand) specializing in animal pain assessment suggested that the number of animals 

used in the study wasn’t enough for reliable pain quantification using the adopted approaches. 

Instead, they recommended the use of FootScan pressure plate technique in pilot study 2 and 

in the main animal study.  

6.5.10.1 Sheep Grimace Scale  

Sheep behavior and movement were recorded using a high-definition video camera (EZVIZ 

Internet Camera: CS-CV206, Hangzhou Hikvision Digital Technology Co. Ltd., China). The 

recording was started 24 hours before the surgery and continued until the end of the study (72 

hours post-surgery). After study completion, all the recorded videos were assessed and scored 

by a treatment-blinded collaborative team, based on the parameters described in table 6.3 

(396,397).  
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Table 6.3: Clinical pain severity scoring parameters, using Sheep Grimace Scale technique 

Parameter  Description  Score 

Vocalization (tooth grinding) None  0 

 Occasionally  1 

 Frequently  2 

Food/water consumption  Normal, rumination  0 

 Less 1 

 None, no rumination  2 

Activity  Normal resting and sleeping 0 

 Frequent change of position  1 

 Restless  2 

Lameness  Normal standing and walking  0 

 Normal standing, minimal lameness in exercise  1 

 Normal standing, lameness in exercise  2 

 Relief on the affected leg, high lameness in exercise  3 

 No usage of the affected leg, predominantly in 

suspension  

4 

Maximum score   10 

    

6.5.10.2 FootScan pressure plate  

A pressure plate technique was employed, as described by C. Rogers et al. (398), to measure 

the postoperative pain level. Measurements were done using a FootScan (ReScan International, 

550 × 405 mm) plate with an effective pressure-sensitive area of 488 × 325 mm to measure the 

sheep's ability to tolerate the pressure of its weight on the operated limb. The plate was covered 

with a 5 mm rubber mat and recessed into a rubber walkway to ensure a continuously level 

walkway surface. The plate was connected online to a 5320 Power Macintosh (Apple 

Computer, Inc, Cupertino, Calif) for data storage. 

Briefly, at the specified time points, sheep were allowed to walk through the rubber walkway 

and stand on the plate. One dynamic and three static measurements were recorded at each time 
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point for each animal. For a dynamic measurement to be considered, the sheep should stand 

for at least 15 seconds with positioning the four limbs on the plate and without movement. 

Static measurements were recorded for the two hindlimbs positioned on the plate. Data were 

collected and displayed using the custom-made software (ReScan International). The collected 

data were then used to calculate the percentage of sheep weight loading on each hindlimb on 

the plate, which was used as an indicator of pain. A sheep in pain tends to bear more weight on 

one limb compared to the other.  

6.5.11 Statistical analysis   

All results are represented as mean ± standard deviation (SD). The statistical differences were 

calculated using one-way analysis of variance (One-way ANOVA) and two-tailed unpaired t-

test, which is applicable. The confidence level of significance was calculated using GraphPad 

Prism 8.2.1 (Graph Pad Software Inc., USA). A p value of ≤ 0.05 was pre-defined as the 

minimum level of significance. 

6.6 Results and discussion  

6.6.1 In situ forming gel preparation  

In the initial development and optimization studies (Chapters 4 & 5), the in situ gelling 

formulations were prepared containing BH alone or in combination with KT at a fixed 

concentration of 1% w/w for each drug. Nonetheless, for the in vivo animal studies, the 

concentrations of the drugs in the formulations were modified to 2.5% w/w for BH and 0.3% 

w/w for KT, for clinical purposes. In a meeting preceding the animal studies, our clinical 

collaborators (a surgeon, orthopedic doctor and an anesthesiologist) suggested a clinically 

relevant dose of not less than 2.5 mg/kg for BH and 0.3 mg/kg for KT, for animal studies. 

Therefore, the optimized in situ gelling formulations were further modified with respect to drug 
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concentration so that clinically relevant dosing could be achieved easily. Formulation F1 (base 

formulation, Chapter 4) was modified, and several BH concentrations were trialed, namely 2.5, 

3 and 3.5% w/w, to achieve complete dissolution (identified by getting a clear solution). 

Complete dissolution was achieved at 2.5% w/w concentration of BH and thus was used for 

further studies. This new formulation was named Formulation F9. In order to achieve the 

suggested KT dose, KT was loaded at a concentration of 0.3% w/w. The codes and composition 

of prepared formulations are presented in Table 6.1. 

6.6.2 Pilot study 1 

6.6.2.1 General observation  

All the sheep made it through to the end of pilot study 1, with no signs of BH systemic toxicity 

(agitation, seizures, respiratory depression and coma) (399) or wound infections (wound 

drainage and joint swelling) (400). All the sheep were able to stand up within one hour post-

surgery. Nonetheless, emergency pain killer (intravenous ketoprofen (1.5 mg/kg)) had to be 

given to all the sheep of G1 (drug solution) group in the second and third days of surgery, as 

they experienced intense postoperative pain. Though sheep in group G2 (received in situ 

forming gel) didn’t experience postoperative pain, it was decided to give them the same 

analgesia as G1, for consistency purposes and to avoid the effect of external analgesia on 

assessment of pain when using sheep Grimace Scale  for efficacy study.  

The developed formulation was easily administered through a needle and exhibited a transition 

from sol-to-gel status following administration. However, it took a relatively long time to 

achieve complete phase transition, and therefore, a part of the formulation oozed out of the 

joint cavity, raising concerns of drug loss during wound irrigation (performed before skin 

closure). 
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6.6.2.2 Pharmacokinetic analysis  

Figure 6.5 shows the change in BH plasma concentration as a function of time, obtained from 

pilot study 1. As presented, the gel formulation (group G2) sustained BH release over 72 hours, 

compared to only 24 hours in the drug solution (group G1). In addition, the highest recorded 

BH plasma concentration (Cmax) in group G1 (859 ng/mL) was almost three times that achieved 

in group G2 (286 ng/mL).  

 

 Figure 6.5: BH plasma concentration-time profile following single intraarticular administration of 2.5 

mg/kg of BH solution (G1) or BH-loaded in situ gel (G2). Empty circles represent BH plasma 

concentration in group G1 sheep, whereas filled circles represent BH concentration in sheep of group 

G2. The dotted line is the BH median concentration of group G1, and the solid line is the median 

concentration of group G2. The results show that the developed in situ gel (G2) sustained BH release 

for 72 hours, compared to only 24 hours in the drug solution group (tested in G1). 

6.6.2.3 Synovial inflammatory response  

Figure 6.6 shows representative images of the synovial membrane from both drug solution 

(G1) and in situ gel (G2) groups. The analysis of the recorded images demonstrated that group 

G1 (injected with BH solution) had a minimal inflammatory response of the synovial 

membrane, with an average score of 0.16 ± 0.40. On other hand, group G2 demonstrated a 

slighter higher inflammatory response with an average score of 0.50 ± 0.83. The difference 
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between the two groups could be attributed to poloxamers. Though a larger number of animals 

is required to make a robust conclusion, the data suggest the potential compatibility of the 

developed in situ forming gel with the synovial membrane.  

 

Figure 6.6: Representative H & E-stained microscopic images of the synovial membrane of (A) Group 

G1(drug solution) and (B) Group G2 (in situ gel), obtained by light microscope. The findings show a 

higher inflammatory response (synovial infiltration) in G2, as compared to G1. Black arrows indicate 

inflammatory infiltration.  

6.6.2.4 Efficacy assessment using Sheep Grimace Scale  

The video recordings were assessed by our collaborative research partners, specializing in 

behavioral pain assessment in animal models. The team observations and evaluation of the 

quantitative behavior using Sheep Grimace Scale did not reveal differences between the two 

groups studied in pilot study 1. They reported no general differences in any of the gross 

behaviors at any of the timepoints video-recorded. The number of animals used in each group 

in the pilot study was not enough to provide sufficient power to detect differences between 

treatments using this approach. Therefore, they suggested using a more quantitative and 

sensitive technique; FootScan pressure plate technique. This technique evaluates the potential 

for changes in gait or weight-bearing capacity as discriminatory variables for evaluating pain.  



173 
 

6.6.2.5 Learnings from pilot study 1  

The primary goal of pilot studies was to ensure the safety of the developed formulation at the 

given dose and to guide the design of the main animal study. As presented, the outcomes of 

pilot study 1 demonstrated the systemic safety of the developed formulation at the given dose. 

In addition, the findings demonstrated the ability of the developed in situ forming gel to sustain 

the in vivo release of BH.  

Nonetheless, Cmax attained in the drug solution gel group was three times that achieved in the 

in situ gel group. Therefore, it was decided to increase the dose in the in situ gel group by three-

fold in further investigations. In addition, it was observed that the developed formulation took 

a relatively long time to achieve complete phase transition, causing the formulation to ooze out 

of the joint. Therefore, it was also suggested to modify the developed formulation to achieve a 

faster sol-to-gel transition.  

Based on these findings and suggestions, it was decided to carry out another pilot study (pilot 

study 2), to ensure the suitability/safety of the suggested dose and optimized formulation.  

6.6.3 Pilot study 2 

The in situ gelling formulation was first optimized to achieve faster phase transition, to avoid 

formulation leaking during administration, as observed in pilot study 1. Our findings (see 

Appendix 1) demonstrated that a formulation composed of P407 (25% w/w), P188 (11% w/w) 

and NaCl (0.4% w/w) was suitable for the intended purpose. The optimized formulation was 

loaded with either 2.5% w/w BH and 0.3% w/w KT (F10), or 2.5%w/w BH alone (F11). Full 

in vitro characterization studies were carried out to ensure the suitability of the F10 and F11 

for the intended purpose (see the supplementary material given in Appendix A). Pilot study 2 

was conducted using F10, against a combination of marketed BH and KT solutions. 
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6.6.3.1 General observations  

The study ran smoothly until completion, and all the sheep made it through to the end of the 

study, with no signs of BH or KT systemic toxicity or wound infections (399,400). All the 

sheep were able to stand up on four limbs within one hour post-surgery. Nonetheless, routine 

monitoring of the animals in group G3 (received drug solution) demonstrated signs of pain and 

discomfort on the second and third days post-surgery. Hence, intravenous Ketoprofen (1.5 

mg/kg) was given to all the animals in both animal groups, for consistency purposes.  

On the contrary to pilot study 1, the optimized formulation exhibited a sol-to-gel transition in 

a reasonable time; i.e. the in situ gelling formulation didn’t ooze out of the knee joint following 

administration.  

6.6.3.2 BH and KT plasma monitoring 

Figure 6.7 shows BH and KT plasma concentrations-time profiles following IA administration 

of the in situ forming gel loaded with BH and KT, and marketed products (solutions) of BH 

and KT. As presented, the gel formulation (tested in G4) significantly sustained BH and KT 

release up to 72 and 48 days, respectively, compared to only 24 and 8 hours for the marketed 

products (tested in G3). Importantly, all the experimental animals demonstrated safe plasma 

levels of both drugs (toxicity symptoms are reported at plasma concentrations above 2000 

ng/mL and 5000 ng/mL for BH and KT, respectively) (162,401,402). The findings suggested 

the systemic safety of the developed formulation at the given dose. A detailed discussion of the 

pharmacokinetic parameters of pilot study 2 combined with main animal study is provided 

under section 6.5.4.2.  
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Figure 6.7: (A) BH plasma concentration-time profile and (B) KT plasma concentration-time profiles, 

following a single intraarticular administration of 2.5 mg/kg of BH and 0.3 mg/kg of KT solutions (G3) 

or BHKT-loaded in situ gel at a dose of 7.5 mg/kg and 0.9 mg/kg respectively (G4). Empty circles 

represent drugs plasma concentration in G3 sheep, whereas filled circles represent drugs plasma 

concentration in sheep of G4. The dotted line is the median drug concentration of G3 (n = 2), and the 

solid line is the median concentration of G4 (n = 2). The results show that the developed in situ gel (G4) 

sustained BH systemic release for 72 hours, compared to only 24 hours in the drug solution group 

(tested in G3). 

6.6.3.3 Synovial inflammatory response  

Figure 6.8 shows representative microscopic images of the synovial membrane following H & 

E staining. As presented, both groups demonstrated normal synovium, with a limited 

inflammatory response. The calculated inflammation scores were 0.43 ± 0.01 and 0.45 ± 0.17 

in groups G3 and G4, respectively, suggesting the compatibility of the poloxamers-based in 

situ forming gels with the synovial membrane. A detailed discussion of the synovial 

inflammatory response is provided along with the observations from the main animal study 

(section 6.5.5).  
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Figure 6.8: Representative microscopic images of the synovial membrane from(A) Group G3 (received 

BH and KT solutions) and (B) Group G4 (received BH and KT-loaded in situ gel), obtained by VLSlide 

microscope following H & E staining of the synovial membrane.  

6.6.3.4 Cartilage cell viability  

The confocal analysis of cartilage has been introduced in the second pilot study to investigate 

the effect of the in situ gelling formulation on sheep knee cartilage. The analysis of the recorded 

images demonstrated a significant chondrolysis in the in situ gel group G2 (83.07 ± 7.3%), 

compared to BH and KT solutions, group G3 (3.10 ± 1.9%). This could be attributed to the 

higher drug concentrations and the longer residence time inside the joint cavity. It is widely 

documented that LA exhibit concentration and time-dependant chondrotoxicity (403–406). 

Though the effect of poloxamers on cartilage viability was not assessed in this project, it has 

been demonstrated that poloxamers-based in situ forming gels are biocompatible with knee 

cartilage in other animal models such as rabbits, rats and minipigs (33,34,36,407,408). A 

detailed discussion of the cartilage cell viability findings of pilot study 2 combined with 

findings of the main animal study is provided in section 6.5.6.1 below.  

6.6.3.5 Efficacy assessment studies  

This project aimed to develop a formulation that offers extended pain relief following KA, 

using a single administration. FootScan pressure plate measurements were recorded. A 
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discussion of the study findings/limitations is provided below along with findings from main 

animal study (section 6.5.7).  

6.6.3.6 Learnings from pilot study 2 

The outcomes of pilot study 2 demonstrated that the optimized formulation achieved a 

complete transition from sol-to-gel status in a reasonable time, with no leak following 

administration. Preliminary pharmacokinetic analysis suggested the systemic safety of the 

given dose. Therefore, it was decided to move to the main animal study using the same 

formulation and dosing.  

6.6.4 Main animal study 

6.6.4.1 General observations 

Despite some minor complications, all the animals made it through to the end of the study with 

no signs of systemic toxicities (399,400). One sheep in group (G6) demonstrated aspiration 

during surgery, which was fixed immediately. Another sheep in group (G3) got injured (3 * 1 

cm superficial skin cut in the non-operated leg, due to friction with the side door) while moving 

it from the surgery theatre to the allocated pen. The wound was immediately examined and 

cleaned by the surgeon, who prescribed a prophylactic antibiotic (Cefazolin 1 g). A third sheep 

in group (G5) demonstrated difficulty walking on the second and third days post-surgery. 

Further monitoring demonstrated all sheep were in good health conditions, and they all made 

it through to the end of the study.  

Few sheep demonstrated postoperative pain and discomfort in the second and third days of 

surgery. Therefore, ketoprofen was given intravenously to all sheep for consistency purposes. 

The developed formulations were easily administered through a needle and exhibited a phase 

transition in a reasonable time. In general, the study ran smoothly until completion.  
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6.6.4.2 Pharmacokinetic analysis  

In this section, the pharmacokinetics of pilot study 2 and main animal studies are jointly 

discussed, as they were conducted using the same formulations and dosing. Figure 6.9 shows 

the change in drugs plasma concentration versus time, whereas selected pharmacokinetic 

parameters are presented in Table 6.4. Despite considerable inter-animal variations, circulating 

blood concentrations of BH and KT were well below reported toxicity levels (162,401,402). 

The optimized in situ gelling formulations, F10 (Group G4) and F11 (Group G6), successfully 

sustained the BH release for 72 hours, as compared to 24 hours for the marketed BH solution 

(tested in groups G3 and G5). Likewise, formulation F10 sustained KT release for 48 hours, 

compared to only 8 hours for marketed KT solution (tested in G3). BH concentration in the 

synovial fluids after 72 hours was significantly higher (p < 0.0001) in the in situ gel groups 

(G4 & G6), compared to the drug solution groups (G3 & G5). On the other hand, synovial KT 

concentration in G4 was only 1.8 times that of G3. The findings demonstrated that poloxamers-

based in situ forming gels could significantly extend IA release and residence time of BH and 

KT, while maintaining safe systemic levels.  

As presented in Figure 6.9 and Table 6.4, the developed in situ forming gels exhibited 

immediate systemic absorption with an average Tmax of 1.5 hours for BH and 2 hours for KT, 

respectively, compared to a Tmax of 1 hour for both drugs in the drug solution groups. However, 

this initial bolus release was followed by extended, yet lower, plasma levels for 72 hours (BH) 

and 48 hours (KT). This behavior could be clinically beneficial for rapid control of the intense 

postoperative pain, followed by moderate analgesia over an extended time. Of note, the longer 

Tmax observed in the in situ gel groups suggests a delay in the initial drug release. 

Identifying the maximum drug plasma concentration (Cmax) is crucial in drug development to 

assess the systemic safety and release performance of a formulation (409). As presented in 
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Table 6.4, BH and KT showed comparable Cmax between the drug solution (G3 & G5) and the 

in situ gel (G4 & G6) groups. Nonetheless, caution should be exercised, as the in situ gel 

groups' dosing was three times the dose given to the drug solution groups. To exclude the effect 

of dosing variations, Cmax of each group was dose-normalized (divided by the given dose) 

(388–390). The average normalized *Cmax of BH was calculated as 104.5 ± 17.5 ng/mL and 

41.5 ± 12.0 ng/mL for drug solution and in situ gel group, respectively. Likewise, KT 

demonstrated a dose-normalized *Cmax of 307.2 ng/mL in G3 (drug solution), compared to 

118.0 ng/mL in G4 (in situ gel). The significantly lower (p < 0.0001) Cmax observed in G4, and 

G6 suggests that the developed in situ gel significantly retarded/slowed down the in vivo release 

of BH and KT. This could be attributed to its highly entangled matrix, hindering the 

release/diffusion of the loaded drugs. These findings corroborate with the longer Tmax observed 

in the in situ gel groups.  

The elimination half-life (T1/2) and mean residence time (MRT) are key pharmacokinetic 

parameters in understanding the time required for a drug to be eliminated from the body, and 

consequently, the pharmacodynamics and duration of action (409,410). As shown in Table 6.4, 

in situ gel groups demonstrated significantly higher (p < 0.0001) T1/2 and MRT for both BH 

and KT, as compared to the drug solution groups. The mean T1/2 of BH in situ gel groups (G4 

& G6) was calculated as 24.5 ± 3.1 hours, compared to 13.6 ± 1.4 hours in G3 & G5 (drug 

solution groups). Likewise, KT demonstrated a T1/2 of 11.4 hours in G4, compared to only 1.9 

hours in G3. Mean MRT of BH in the in situ gel groups was calculated as 32.6 ± 6.6 hours, 

compared to 17.6 ± 2.1 hours in drug solution groups. The MRT of KT in G4 was 17.7 hours, 

compared to 2.9 hours in G3. The significant extension of BH/KT T1/2 and MRT is attributed 

to their slow release rates and longer release profile demonstrated by the in situ gel groups 

(410). Of note, dose-normalized AUC calculations revealed comparable AUC values among 

various groups, suggesting a complete release of BH and KT from both dosage forms. 
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Extending the residence time has been a challenge in the IA drug delivery, attributed to the 

highly porous nature of the synovial membrane (30,31). As shown in Table 6.4, the 

concentration of BH in the synovial fluids in the in situ gel groups (G4 & G6) at 72 hours was 

11.5-fold that of the drug solution groups, denoting that the developed gel formulations 

successfully extended the residence time of BH inside the joint cavity for more than three days. 

On the other hand, KT concentration in the synovial fluids of G6 was only 1.8-fold that of G5. 

This extension in BH and KT, IA residence time is likely to offer prolonged analgesia.  

Considerable variations in drug plasma concentrations were observed between animals within 

each of the study groups, which is expected (411,412). These variations could be attributed to 

the inter dividual variations in sheep pharmacokinetics (drug metabolism and elimination rate) 

or the differences in sheep behavior: a higher frequency of sheep movements and longer-

standing time could facilitate the deformation of the gel and enhance drug release to the 

systemic circulations. Likewise, it can also facilitate squeezing the drug solution out of the joint 

cavity, and therefore, systemic absorption. However, all the sheep reached to the experimental 

endpoint with no systemic toxicity observed.  
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Table 6.4: Pharmacokinetic parameters following intraarticular administration of 2.5 mg/kg BH and 0.3 

mg/kg KT solutions (G3), 7.5 mg/kg BH and 0.9 mg/kg KT in situ gel (G4), 2.5 mg/kg BH solution 

(G5), and 7.5 mg/kg BH in situ gel (G6). The results suggest that the developed in situ gels (G4 and 

G6) sustained the drug-plasma release and intraarticular residence time.  

PK parameters  Drug solution groups  In situ gel groups 

BH (G3) KT (G3) BH (G5) BH (G4) KT (G4) BH (G6) 

T1/2 (h) 12.6 1.9 14.8 26.8 11.4 22.3 

Cmax (ng/mL) 294 92 229 252 106 379 

*Cmax (ng/mL) 117 307 92 33 118 50 

Tmax (h) 1 1 1 1 2 2 

MRT (h) 16 3 19 37 18 28 

AUC 0-t 

(ng/mL*h) 

1756 208 1402 5773 2349 6388 

*AUC 0-t 

(ng/mL*h) 

705 694 560 769 2610 851 

AUC 0-inf (ng/mL*h) 2331 226 1999 6832 2472 7056 

*AUC 0-∞  

(ng/mL*h) 

932 756 799 910 2774 942 

AUMC 0-∞ 

((ng/mL*h^2) 

37539 674 38253 255342 43911 197454 

C48 (ng/mL) ** ** ** 46 7.4 47 

C72 (ng/mL) ** ** ** 27 ** 20 

Csynovial-72 (ng/mL) 1093 15 273 12600 28 3150 

*: The calculated parameter was dose-normalized, **: drug concentration was below the lower limit of 

quantification (3 ng/mL), T1/2: drug half-life time, Cmax: highest drug plasma concentration, Tmax (h): time to 

achieve highest plasma concentration, AUC: area under the curve, AUMC: area under the first moment curve, 

MRT: mean residence time, C48: drug concentration at 48 hours. C72: drug concentration at 72 hours, and Csynovial-

72: drug concentration in the synovial fluid at 72 hours. All data are presented as mean, where n = 6.  
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Figure 6.9: Drug plasma concentration-time profiles following single intraarticular administration of (A) 

2.5 mg/kg BH solution (G3) and 7.5 mg/kg BH in situ gel (G4), (B) 2.5 mg/kg BH solution (G5) and 

7.5 mg/kg BH gel (G6), and (C) 0.3 mg/kg KT solutions (G3) and 0.9 mg/kg KT gel (G4). Empty circles 

represent plasma concentration of drug solution groups (G3 & G5), whereas filled circles represent 

plasma concentrations of in situ gel groups (G4 & G6). The dotted line is the drug median concentration 

in G3 & G5 (n = 6), and the solid line is the median concentration in G4 & G6 (n = 6). The results show 

that the developed in situ gel sustained BH and KT systemic release for 72 and 48 hours, respectively, 

compared to 24 and 8 hours in the drug solution group. 

6.6.4.3 Synovial inflammatory response  

Representative microscopic images of the synovial membrane (pilot study 2 and main animal 

studies) are shown in Figure 6.10. The data analysis demonstrated that all the study groups 

exhibited mild synovitis with an average score of 0.7 ± 0.3 (G3), 0.7 ± 0.3 (G4), 1.3 ± 0.3 (G5) 

and 1.0 ± 0.3 (G6). On the contrary, the non-operated knees demonstrated normal synovium 

with no signs of inflammations. The inflammatory response observed in the treated knees could 

be attributed to the administered drug or a surgery complication. Notably, G3 and G4 exhibited 

slightly lower inflammatory responses, as compared to G5 and G6. This could be attributed to 

the anti-inflammatory properties of KT. Though the effect of blank poloxamers on synovial 

membranes was not assessed in this study, the findings suggest that poloxamers didn’t alter the 

inflammatory response, which is in agreement with previous reports (413). The findings suggest 
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the compatibility of the developed in situ forming gel with the synovial membrane, yet further 

investigations are needed.   

 

Figure 6.10: Representative synovial images of (A) connective tissue and (B) muscular tissue of the 

synovial membrane, showing mild inflammatory response in all groups. Arrows indicate the type of 

inflammatory response; blue arrow: increased thickness of the lining membrane, green arrow: 

inflammatory infiltration and yellow arrow: stromal activation.  

6.6.4.4 Cartilage histological analysis  

• Cartilage cell viability  

Confocal imaging/analysis of the live/dead cartilage cell is a practical approach to quantitively 

assess the chondrotoxic activities of intraarticularly administrated pharmaceutical products 

(414). Figures 6.11 & 6.12 show the findings of cartilage viability studies of pilot study 2 

combined with main animal study. As presented, G4 and G6 demonstrated significantly higher 

cartilage cell death rates (87% ± 12 and 60% ± 30, respectively) in treated knees, compared to 

G3 and G5 (2% ± 2 and 3% ± 2, respectively). Likewise, non-treated knees in groups G4 and 

G6 exhibited higher cartilage death rates (16% ± 11 and 9% ± 14, respectively), as compared 

to the non-treated knee of G3 and G5 (1% ± 1 and 1% 2, respectively).  
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The impact of formulations intended for IA administration on cartilage viability must be 

critically evaluated in the preclinical stages of drug development. As presented, the in situ 

gelling formulation (tested in G4 and G6) demonstrated significantly (p < 0.0001) higher 

cartilage death, compared to the drug solution (tested in G3 and G5). This could be attributed 

to its higher dose, higher drug concentration and longer drug-cartilage exposure time (403–

406). Several clinical and laboratory studies have widely reported the chondrotoxicity of LA, 

including BH (415,416). Current evidence suggests that the toxicity of LA is dose- and time-

dependent (403–406,415). Chu et al. reported that exposure to 0.5% bupivacaine caused 

significantly higher chondrocyte death in human and bovine cartilage, compared to 0.25% and 

0.125 bupivacaine (417). The authors also demonstrated an increase in chondrolysis by 

increasing the cartilage-bupivacaine exposure time. Ickert et al. found a significant reduction 

in viability within 15 minutes of bupivacaine exposure, and after 60 minutes of exposure, no 

vital cells could be detected in an in vitro study using chondrocytes harvested from arthritic 

joints (418). IA pain pump infusions have been shown to carry the highest risk of chondrolysis 

and are not advised to be used around native articular cartilage, for example, in 

unicompartmental arthroplasty or soft-tissue reconstruction (415).  

Noteworthy, G4 demonstrated significantly (p < 0.0001) higher cartilage toxicity, compared to 

G6, suggesting chondrotoxic activities of KT when combined with BH. On the other hand, the 

effect of KT solution (G3) on cartilage viability was insignificant. To the best of our 

knowledge, current literature lacks any reports on the impact of intraarticular KT on cartilage 

cell viability. Yet, a recent in vitro study reported that incubating the chondrocytes with KT 

solution (0.3% w/v) for 48 hours did not result in a significant increase in chondrocyte death 

compared to the control (419). Taken together, it is suggested that the impact of KT on cartilage 

viability might be driven by its dose/concentration and/or time of exposure. Further studies are 

required to investigate the impact of sustained release KT formulation on cartilage.  
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The effect of blank poloxamers-based in situ forming gels on sheep cartilage is not yet 

described. However, previous reports demonstrated the compatibility of poloxamers-based in 

situ forming gels with other animal models, such as rabbits, rats and minipigs 

(33,34,36,407,408). In addition, it has been reported that P188 significantly reduced in vitro 

post-traumatic chondrolysis and enhanced healing of damaged cartilage (420–422).  

These findings suggest a potential chondrotoxicity of the developed in situ forming gels in 

humans. However, it might not be a major concern in total joint arthroplasty since the arthritic 

cartilage is completely resurfaced during the operation. Further studies and longer follow-up 

may be required to provide a deeper understanding of the chondrotoxic activities of the blank 

and drug(s)-loaded developed formulations.  

 

Figure 6.11: Bar graph presenting the percentage of dead cells in treated and non-treated knees in study 

groups, showing the significantly higher chondrolysis in the in situ gel groups (G4 & G6). Data are 

presented as mean ± SD, where n = 6.  
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Figure 6.12: Representative images of live/dead stained cartilage tissue from (A) control, (B) BHKT 

solution, (C) BHKT in situ gel, (D) BH solution, and (E) BH in situ gel groups. The red-stained nuclei 

represent dead chondrocytes, and the green-stained represent viable chondrocytes. The figure shows 

that the gel formulations (images C and E) triggered higher cartilage death rates than drug solutions 

(images B & D). 

• Cartilage inflammatory response 

Figure 6.13 presents representative images of H & E stained cartilages tissues. The analysis of 

images obtained from pilot study 2 and main animal study demonstrated higher inflammation 

in the in situ gel groups (G4 & G6). The red ghosts, which denotes dead cartilage cells, were 

seen only in the images of the in situ gel groups, which corroborates with the cartilage viability 

studies.    
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Figure 6.13: Representative H & E stained images of cartilage tissue of (A) BH solution (G3), (B) BH 

loaded in situ gel (G4), (C) BH and KT marketed solutions (G5) and (D) BHKT-loaded in situ gel (G6). 

The findings show the chondrolysis "red ghost" of the gel-treated animals.  

6.6.4.5 Measurements of postoperative pain level  

Though the efficacy of BH and KT in pain management is very well documented, I aimed to 

measure the effectiveness of the developed formulations in controlling the postoperative pain. 

Unfortunately, the pressure (FootScan) plate got broken on the first day of the study due to 

excessive sheep urination on the plate. The urine completely damaged the plate sensors, 

rendering them unable to perform reliably. The study had to be discontinued. The collected 

data was not enough to generate a valid estimate of the pain level. 

6.7 Conclusion  

In vivo evaluation of the safety and sustained release performance of injectable poloxamers-

based in situ gelling systems for the sustained delivery of bupivacaine hydrochloride (BH) with 

or without ketorolac tromethamine (KT) following IA administration in an ovine model of 

arthroplasty was successfully conducted. The developed formulations successfully extended 
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the IA residence time of KT and BH for 48 and 72 hours, respectively, compared to 8 and 24 

hours for the marketed drug solutions. Pharmacokinetic studies demonstrated that plasma 

levels of KT and BH were well below toxic levels. Histological analysis suggested the safety 

of the formulation on the synovial membrane, yet it induced a significant chondrolysis of the 

cartilage tissue. Caution should be given to the chondrotoxicity of the developed formulations, 

as per the intended application. Further efficacy studies are required to assess the potential 

clinical benefits of the developed formulations for managing perioperative pain following KA.    
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Chapter 7: General Discussion, Limitations, Future 

Directions and Conclusion  
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7.1 General discussion  

Knee arthroplasty (KA) is the most effective treatment of the reduced mobility and chronic 

pain associated with end-stage arthritis (1,2). However, the surgery is followed by intense 

postoperative pain hindering rehabilitation programs, causing knee stiffness, extending the 

hospital stay and increasing the financial costs (3,6–9). The intraarticular (IA) administration 

of local anesthetics, such as bupivacaine hydrochloride (BH), and NSAIDs, such as ketorolac 

tromethamine (KT), offers efficient pain control with limited systemic side effects. 

Nonetheless, this approach is challenged by the rapid elimination of the given drugs from the 

joint cavity, attributed to the highly porous nature of the synovial membrane (30,31). In this 

thesis, I have demonstrated that poloxamers-based in situ gelling systems are promising 

platforms to sustain the IA residence time of BH and KT, with potential clinical benefits in 

pain management following arthroplasty.  

The analytical methods required for the completion of this project were developed and 

validated as per the ICH guidelines (Chapter 3). Three analytical methods were developed and 

applied to study the in vitro and in vivo behavior of the developed formulations. First, a stability 

indicating HPLC method was developed for the determination of BH in poloxamers-based gels 

and stability samples. The method was also employed to assess the stability of BH under 

various stressors. In agreement with the literature, it was found that BH is stable under strong 

alkaline and acidic conditions, yet degrade in oxidative media, which corroborates with 

previous reports (311). In a later stage of the project, it was decided to include KT in the 

developed formulation. Therefore a stability indicating HPLC method for the simultaneous 

quantification of BH and KT in poloxamers-based gels was established. The method was 

employed to assess the stability and compatibility of BH/KT admixtures. The findings 

suggested the stability of BH and KT in admixture, suggesting the potential for dual loading 

into poloxamers. Of note, the forced degradation profiles of BH and KT in admixture were 
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comparable to those of their individual solutions, confirming their compatibility. The safety 

and efficacy of the developed formulations were assessed in a sheep model of arthroplasty. 

Therefore, a more sensitive and selective analytical method was required to determine BH and 

KT in biological samples. Hence, an LC-MS/MS method was developed and validated for the 

simultaneous quantification of BH/KT in sheep plasma.   

The use of poloxamers as sustained drug delivery platforms is challenged by their weak 

mechanical properties and the interconnected aqueous channels in the gel matrix, allowing fast 

gel erosion and drug diffusion (38–40). In addition, an initial burst release of the loaded drug 

is commonly reported, attributed to the lag time between administration and phase transition 

(42,44,172). Hence, the effectiveness of selected formulation strategies to sustain BH release 

from poloxamers-based in situ forming gels was investigated in Chapter 4. The findings 

suggested that drug release from poloxamers-based in situ forming gel can be tailored by 

modifying the matrix composition and concentration. In agreement with the literature, it was 

observed that increasing the PPO/PEO, poloxamers concentration, and blending of NaCl (0.4% 

w/w) are simple and effective strategies to reduce the drug release rate (52,184,191). This is 

explained by the enhanced mechanical properties and reduced system porosity, decreasing the 

gel erosion and drug diffusion rates (52,56,184,191). Though it is widely reported that physical 

blending of polymeric additives sustains drug release from poloxamers-based in situ gelling 

systems (55,192–194), our observations demonstrated that the physical blending of sodium 

alginate (0.5% w/w), methylcellulose (0.35%w/w), carboxymethyl cellulose (0.35%w/w) and 

chitosan (0.5% w/w) didn’t significantly alter BH release, therefore, this strategy was excluded 

from further formulation development.  

The employment of poloxamers-based in situ forming gels in drug delivery is strongly limited 

by the initial burst release of the loaded drugs, attributed to the lag time between administration 

and phase transition (44, 172). I demonstrated that NaCl inclusion (Chapters 4 & 5) can 
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significantly reduce the time required for sol-to-gel transition, and therefore, limits the initial 

BH burst release. Nonetheless, it was found that high concentration of NaCl (≥0.6%) leaded to 

precipitation of poloxamers over few months.  

In current clinical practice, multimodal analgesia is often used to treat postoperative pain 

(77,83–85). Hence, it was decided to include KT into the developed formulations. Chapter 5 

describes the in vitro development and characterization of poloxamers-based in situ gelling 

formulations for the sustained delivery of BH and KT. The developed formulation successfully 

sustained the in vitro release of both BH and KT for up to two weeks, attributed to the highly 

entangled matrix as demonstrated by SAXS studies. The findings showed that the inclusion of 

KT didn’t alter BH release profile, suggesting no alteration in the matrix supramolecular 

arrangement, porosity or thermal behavior. FTIR and thermal analysis studies demonstrated 

the compatibility of BH and KT with the formulation excipients. A formulation composed of 

poloxamers 407 (23% w/w), poloxamer 188 (5.5%) and loaded with BH (2.5% w/w) was 

selected for preliminary in vivo testing.   

 An ovine model of arthroplasty was used for the in vivo evaluation of the developed 

formulations (Chapter 6), due to its comparable body weight and anatomical similarity to the 

human knee (385). First, a pilot study was performed to ensure the safety of the developed in 

situ forming gel against the marketed drug solution. The findings of the first pilot study 

suggested further optimization of the developed formulation to reduce the sol-to-gel time, and 

therefore, to avoid formulation oozing out of the joint cavity during administration. In addition, 

it was suggested to increase the dose of the in situ gel group by three-fold to achieve plasma 

levels comparable to that observed in the drug solution group.  

 Based on the findings from the pilot study 1, the formulation was further optimized by 

modifying P407 and P188 concentrations and adding NaCl. Two formulations, F10 and F11, 

were developed with similar matrix composition, except that F10 was loaded with both drugs 
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BH (2.5% w/w) and KT (0.3% w/w), whereas formulation F11 was only loaded with BH (2.5% 

w/w). A second pilot study was carried out with formulation F10, where the dose has been 

increased by three-fold in the in situ gel group compared to the drug solution group. It was 

observed that the formulation gelled immediately following intraoperative administration, and 

there was no oozing observed. This was attributed to the increased PPO/PEO ratio and the 

inclusion of NaCl, which increased the hydrophobic interactions between poloxamers chains 

and therefore facilitated the phase transition. Pharmacokinetic studies demonstrated safe drugs-

plasma levels and comparable Cmax in between groups, suggesting a slower BH/KT release 

from the developed formulation as compared to the marketed drugs solution. The findings also 

demonstrated significantly longer BH/KT in vivo absorption in the in situ gel group, as 

compared to the drug solution group, suggesting a longer IA residence time. Therefore, it was 

decided to carry on to the main animal study with the same formulation and dose employed in 

the second pilot study.   

In the main animal study, two formulations, F10 (loaded with BH and KT) and F11 (loaded 

with BH only), were studied against marketed drug(s) solutions. Plasma drug monitoring 

confirmed the safe plasma levels of BH and KT, with significantly longer release profiles in 

the in situ gel groups. This is attributed to the slower drug diffusion through the highly 

entangled gel matrix. In agreement with the literature, microscopic analysis of the synovial 

membrane demonstrated a mild inflammatory response in all groups, suggesting the 

compatibility of the developed formulations with synovial membrane (413). On the other hand, 

BH in situ gel (F11) and BH/KT in situ gel (F10) groups demonstrated significantly higher 

chondrolysis, as compared to BH solution and BH/KT solution groups, which could be 

attributed to the higher drug dose and longer drug-cartilage exposure time (403–406). Though 

chondrolysis is a significant side effect of the formulation, it is not of concern in total KA, as 

the cartilage is fully resurfaced during the operation.  
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This thesis describes, for the first time, a poloxamers-based in situ gelling system that offers a 

sustained delivery of both BH and KT. The obtained findings suggest potential clinical benefits 

of the developed formulations in managing postoperative pain following KA.  

7.2 Study limitations  

The focus of this project was to develop injectable in situ gelling systems that offer sustained 

dual delivery of BH and KT, with an aim to evaluate the in vivo safety and efficacy of the 

formulation using a suitable animal model of arthroplasty. However, I couldn’t demonstrate 

the formulation efficacy due to several limitations.  

Initially, the behavioral assessment using Grimace scale approach was adopted to assess the 

pain level (pilot study 1). Nonetheless, a specialized pain assessment team (School of 

Veterinary Sciences, Massey University, New Zealand) advised that a larger number of sheep 

is required to obtain meaningful findings, which were not economically viable. Therefore, this 

approach was excluded in the subsequent studies.  

Another pain assessment strategy was developed with the help of our collaboratives from the 

school of Veterinary Sciences. The method relied on using a FootScan pressure plate to 

quantify the level of pain in the operated knee by determining the weight-bearing capacity on 

each limb. Nonetheless, the pressure plate got broken, due to the excessive urination of the 

sheep on the plate, on the first day of the main animal study. The data collected in the pilot 2 

was not enough to perform a pain assessment analysis.  

7.3 Future directions  

Though poloxamers-based in situ gelling systems are promising platforms for sustaining drug 

release, their wide applications as sustained delivery platforms are limited by their weak 

mechanical properties causing fast gel erosion and drug diffusion. Several formulation 
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strategies have been suggested to modify drug release from poloxamers (37). In this project, I 

evaluated the effectiveness of increasing PPO/PEO, and physical blending of NaCl and 

polymeric additives to sustain drug release from poloxamers-based in situ gelling systems. 

Future studies may consider investigating the effect of the hybrid systems (drug-loaded 

particulates dispersed in poloxamers-based matrix) and/or the chemical modification of 

poloxamers. Whereas hybrid systems offer two release barriers hindering drug diffusion, 

chemical modification of poloxamers, via multi-block synthesis, significantly enhances the gel 

mechanical properties and reduces its erosion rate.  

The primary goal of this project was to assess in vivo safety and efficacy of the developed 

formulations. Systemic safety was demonstrated by monitoring drug plasma levels, whereas 

local tissue safety was demonstrated by microscopic analysis of the synovial and cartilage 

tissues. However, the developed in situ forming gels demonstrated significantly higher 

chondrolysis compared to drug solution groups, which could be attributed to the higher drug 

doses and longer IA residence time. Nonetheless, the effect of poloxamers on sheep cartilage 

viability at the given concentration is unknown. Therefore, future studies should investigate 

the effect of blank formulation on cartilage cells viability.  

As described above (section 7.2), the formulation efficacy in controlling the pain level was not 

assessed due to technical issues. Future studies should consider using an appropriate approach 

to assess the pain level. Covering the plate with a water-proof layer that doesn’t interfere with 

method sensitivity could be considered in future studies. Other multidimensional pain 

assessment systems, such as the University of Melbourne Pain Scale and Glasgow Composite 

Measuring Pain Scale, may also be considered (430).  

This study demonstrated that poloxamers-based in situ forming gels are promising platforms 

for sustaining the IA delivery of BH and KT. In addition, the findings indicated the systemic 

safety of the developed formulation. The data suggest potential clinical benefits in controlling 
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the postoperative pain following KA. Future studies should consider investigating the safety 

and efficacy of the formulation in human subjects.  

7.4 Conclusion  

This is the first study to describe a delivery platform for the dual delivery of BH and KT. The 

study fulfilled the objectives of developing injectable poloxamers-based in situ gelling systems 

to offer sustained IA delivery of bupivacaine with and without ketorolac, with limited initial 

burst release. From the experimental findings obtained in this project, it can be concluded that: 

The developed HPLC method can reliably, simultaneously, quantify BH and KT in 

poloxamers-based in situ gelling systems and in presence of their potential degradation 

products. Likewise, the developed LC-MS/MS method was found valid to simultaneously 

quantify BH and KT in sheep plasma over the range 3 to 3000 ng/mL for both drugs.  

I demonstrated that increasing the matrix hydrophobicity (PPO/PEO ratio) and poloxamers 

concentration are simple and effective tools to reduce the system porosity, and therefore, 

sustaining the drug release. The inclusion of NaCl facilitates the sol-to-gel transition, and 

significantly reduces the initial burst release of the loaded drug from poloxamers-based in situ 

gelling systems. On the other hand, our findings suggest that the physical blending of additive 

polymers doesn’t significantly alter the drug release profile from poloxamers-based gels.  

Parenteral administration of polymeric formulations can be challenging, due to their 

considerably high viscosities (338). The rheological analysis of the developed formulations 

demonstrated free-flowing properties at room temperature and solid-like properties at 

physiological temperature. In addition, analysis of mechanical properties demonstrated the 

suitability of the developed formulation for parenteral administration.  

In vitro release studies suggested that drug diffusion is the dominant release mechanism of BH 

and KT from poloxamers-based in situ gelling systems, and can be tailored by modifying the 



197 
 

system porosity. For the first time, the physical and chemical compatibility of both BH and KT 

with poloxamers were demonstrated.  

The developed in situ gelling formulation demonstrated safe drug plasma levels following IA 

administration in a sheep model of arthroplasty. Histological analysis suggested the safety of 

the in situ gelling formulation for IA administration following total KA. Poloxamers-based in 

situ gelling formulations were found to be stable for three months when stored at 4, 25 and 40 

℃, whenever protected from UV light. 

Poloxamers-based in situ forming gels are attractive platforms for sustaining the IA delivery 

of bupivacaine and ketorolac, with potential clinical benefits in managing postoperative pain 

following joint arthroplasty. 
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Appendix A: In vitro Characterization of Formulations F10 and F11, Used 

in Pilot Study 2 and Main Animal Study  

As described in pilot study 1 (Chapter 6), F9 exhibited sol-to-gel transition in a relatively long 

time, leading to oozing of the formulation out of the joint cavity during administration. Hence, 

I optimized formulation F9 further by adding NaCl (0.4% w/w) and increasing P407 and P188 

concentrations. A formulation composed of 25% w/w P407, 11% w/w P188 and 0.4% w/w 

NaCl was found to exhibit a transition from sol-to-gel status at an acceptable temperature (29.1 

℃) and within a reasonable time (93 sec). The formulation was then loaded with 2.5% w/w 

BH and 0.3% w/w KT (F10) or 2.5% w/w BH alone (F11). Essential in vitro characterization 

studies were carried out to ensure the suitability of F10 and F11 for the intended purpose.  

A.1 Methods  

A.1.1 Sol-to-gel transition temperature    

The sol-to-gel transition temperature of the developed formulations was determined using the 

tube inversion method as described by Sharma et al. with modification (44). Briefly, the 

formulation (10 mL) was transferred into a 15 mL Eppendorf tube and placed in a thermomixer 

(Eppendorf, AG, Germany), previously equilibrated at 20 ℃, and subjected to temperature 

increment of 1 ℃ every 1 min. The sample was considered gelled if 90° movement of the 

Eppendorf tube results in no movement of the meniscus (44).  

The sol-to-gel transition time was determined by transferring 10 mL formulation to an 

Eppendorf tube. The tube was immediately placed in a thermomixer accommodated at 30 ℃, 

to mimic the physiological temperature of the knee joint at surgery time (423). The time 

required to achieve phase transition was determined.  
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A.1.2 Rheological analysis  

The rheological properties were determined using AR-G2 rheometer (TA instruments, 

Melbourne, Australia) equipped with a temperature-controlled Peltier plate and a stainless-steel 

parallel plate geometry (40 mm). The flow-ability of the formulations was determined by 

viscosity measurement as a function of shear rate over the range of 2 - 200 sec-1 at 20 ℃. 

To study the viscoelastic behavior of the gels, an oscillation sweep was performed at 33 ℃ ± 

0.1 over an angular frequency range of 0.1 to 100 rad/s within the linear viscoelastic region at 

a constant and low strain amplitude (0.02 Pa) (25). The changes in storage and loss moduli 

were determined as a function of angular frequency (25).  

A.1.3 Injectability  

Injectability studies were done at 20 ℃ to mimic surgery theatre temperature (424), using a 

universal syringe rig (A/USR) attachment (Stable Microsystems, Surrey, UK). The 

formulations were loaded into a 3 mL syringe attached to a 16-gauge needle. The syringe was 

attached to the syringe rig, and the probe was allowed to compress the syringe plunger to a 

distance of 20 mm at a speed of 5 mm/second, and the stiction and plateau forces were 

determined. All experiments were done in triplicate. 

A.1.4 In vitro release studies  

In vitro drug release studies were conducted in phosphate buffer saline (PBS, pH 7.4) under 

sink conditions (BH and KT concentrations in the release medium were never more than 10% 

of the saturated concentration) (43). Two in vitro release studies were conducted to understand 

the formulations’ performance under different experimental settings. Study A was conducted 

in Eppendorf tubes at 37 ℃, to compare with findings in Chapters 4 and 5. Briefly, a known 

amount of each formulation (1 g) was injected into a tube containing 4 mL of PBS (prewarmed 
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to 37 ℃). The tubes were placed at a rocking shaker and agitated at 10 rpm. The temperature 

was maintained at 37 ℃ throughout the study. At specified time intervals, aliquots (50 μL) 

were withdrawn and replaced by fresh prewarmed PBS to maintain the sink conditions.  

Study B was conducted in a shaking water bath (50 rpm) at 33 ℃ ± 1 to simulate the in vivo 

temperature. Briefly, a known amount of sterile formulation (5 g) was placed into a 7 cm long 

dialysis bag (SnakeSkin™ Dialysis Tubing, 3.5K MWCO, 35 mm), and the bag was suspended 

in a tightly closed glass bottle containing 100 mL of PBS accommodated at 33 ℃. At 

predetermined time intervals, aliquots (100 µL) were withdrawn and replaced with an equal 

volume of fresh medium.  

The aliquots (from study A and study B) were diluted with appropriate volumes of the mobile 

phase and analyzed using a stability indicating HPLC method developed for the simultaneous 

determination of BH and KT, as described in Chapter 3. The results were expressed as a 

cumulative percentage drug released against time. 

A.1.5 Accelerated stability studies  

The stability of the in situ gelling formulations, F10 and F11, was studied for three months in 

various storage conditions, namely: 4 °C ± 2 (fridge), 25 °C ± 3/ 65% ± 3 humidity (H) (Binder 

stability chamber), 40 °C/75% ± 3 H (Binder stability chamber) and 40 °C/75% ± 5 H under 

UV light (light intensity = 3.84 ± 0.05 w/m2, Binder stability chamber) (425). At the specified 

time points (0, 1, 2 and 3 months), samples were taken and tested for their sol-to-gel transition 

temperatures and drug content.  

To determine the effect of poloxamers on the photodegradation of BH and KT, the stability of 

their admixtures was studied in the presence and absence of poloxamers under UV light. 

Briefly, BH (2.5% w/w) and KT (0.3% w/w) admixture was prepared in Milli-Q water. In 

addition, BHKT-loaded poloxamers (formulation F10) was freshly prepared. The prepared 



202 
 

admixtures (aqueous admixture and F10) were transferred to Eppendorf tubes and stored in a 

stability chamber (40 °C/75% ± 5 H under UV light (light intensity = 3.84 ± 0.05 w/m2)). 

Aliquots (400 µL) were taken at the specified time points (0, 1, 2, 3, 4, 5 and 7 days), stored at 

- 20 ℃, protected from light. The aliquots were diluted by the mobile phase and analyzed using 

a stability indicating HPLC method, as described in Chapter 3, and the degradation profiles 

were determined.    

A.2 Results  

A.2.1 Sol-to-gel transition temperature  

Determining the sol-to-gel transition temperature of poloxamers-based in situ forming gels is 

an indispensable study to ensure their suitability for the intended purposes. As presented in 

Table A.1, formulations F10 and F11 exhibited a sol-to-gel at 27 ℃ and 28.6 ℃, respectively. 

The lower sol-to-gel transition temperature demonstrated by F10 could be attributed to the 

intermolecular interactions between KT and poloxamers (180,300). Both formulations 

exhibited phase transition at a reasonable time (57 and 63 seconds), suggesting their suitability 

for the intended purpose.  

Though the average temperature of a healthy knee is 33 ℃, it might drop to 30 ℃ at surgery 

time (37,423). Therefore, a formulation with a sol-to-gel transition temperature ˃ 25 ℃ and <30 

℃ is considered suitable for intraoperative IA administration. As presented in Table 6.5, all 

formulations exhibited sol-to-gel transition within the required temperature range, suggesting 

their suitability for the intended purpose (intraoperative IA administration).  

The effect of sterilization on the sol-to-gel transition temperatures of poloxamers-based in situ 

forming gels should be considered during formulation development to ensure that the 

formulation maintains its rheological behavior after sterilization. The findings showed that 
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autoclaving (121 ± 3 ℃, 20 minutes) slightly decreased, yet non-statistically different, the sol-

to-gel transition temperature, explained by the potential water loss via evaporation (426). 

Nonetheless, formulations were required to be re-homogenized by stirring at 4 ℃ following 

autoclaving to regain homogeneity. Further studies are required to study other sterilization 

options, such as radiations or aseptic preparation, to avoid phase separation on a large scale.  

Table A.1: Sol-to-gel transition temperatures and times of F10 and F11 (n = 3), showing the suitability 

of the optimized formulations for intraoperative intraarticular administration. The findings suggest a 

minimal effect of autoclaving on poloxamers-based in situ gelling systems.  

Formulation 

code 

BH 

(% w/w) 

KT 

(% w/w) 

Sol-to-gel temperature ℃, 

Mean ± SD 

Sol-to-gel transition 

time (sec.),  

Mean ± SD Non autoclaved Autoclaved  

F10 2.5 0.3 27 ± 0.0 26.3 ± 0.3 57 ± 11 

F11 2.5 --- 28.6 ± 0.4 27.9 ± 0.8 63  9 

 

A.2.2. Rheological analysis  

The rheological properties of F10 and F11 were investigated at both 20 and 33 ℃ to identify 

the flow behavior at ambient and physiological temperatures. As presented in Figure A.1A, 

both formulations exhibited Newtonian-like flow at 20 ℃, confirming their suitability for 

parenteral administration. As presented, the recorded curves were superimposed, denoting that 

the inclusion of KT didn’t alter the formulation viscosity. At 33 ℃ (Figure A.1B), both 

formulations demonstrated a significantly higher storage modulus (G’) as compared to the loss 

modulus (G’’), independent of the angular frequency, confirming dominant elastic properties 

at physiological temperature.  
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Figure A.1: Rheological properties of the optimized formulations showing: (A) Flow properties at 20 

℃, showing the Newtonian-like flow, and (B) Viscoelastic properties, demonstrating a dominant elastic 

behavior (G') at 33 ℃. 

A.2.3 Injectability 

Injectability is a key mechanical property for evaluating formulations intended for parenteral 

use (351). As presented in Table A.2, no significant difference was observed between F10 and 

F11 in stiction or plateau forces, as they have the same matrix composition. The findings 

confirm the suitability of both formulations for manual injection, as the maximum force 

required was < 3000 g (352). Of note, a wide (16-gauge) needle was used in this test, to allow 

the easy movement of the viscous formulations. Though this could cause patient discomfort in 

some applications, it is not of concern for intraoperative administration, since the patient is 

under anesthesia. 

Table A.2: Injectability (presented as stiction and plateau) forces determined at 20 ℃, showing the 

suitability of the developed formulations for the intended purpose (n = 3). 

Formulation code  Stiction force (g), Mean ± SD Plateau force (g), Mean ± SD 

F10  1288 ± 29.5 1194 ± 64.4 

F11 1083 ± 66.5 1074 6.7 
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A.2.4 In vitro release studies  

Figure A.2 shows the in vitro release profiles of F10 and F11 determined by study A (Figure 

A.2A) and study B (Figure A.2B). As presented in Figure A.2A, both formulations 

demonstrated sustained in vitro release of loaded drug(s) over 19 days. This could be 

reasonably ascribed to the highly concentrated matrix, reducing the system porosity and 

hindering the drug diffusion, as demonstrated in Chapter 5 (300). On the other hand, the release 

profiles of BH and KT were extended over only five days in study B, with an initial burst 

release of 10.3% ± 1.4 to 12.4% ± 1.4 (BH) and 13.6% ± 2.7 (KT) in the first hour, respectively 

(Figure A.2B).  

The differences in the release rates between study A and study B could be reasonably ascribed 

to the variations in the experimental settings. Study A was conducted in Eppendorf tubes 

allowing the settling of the formed gel at the bottom of the tube, minimizing the surface area 

and the interface between the gel and dissolution medium. On the other hand, suspending the 

dialysis bag into a bottle containing 100 mL of dissolution medium (study B) maintained a 

larger surface area and contact between the gel and dissolution medium, and therefore, 

enhanced the drug diffusion and gel erosion. In addition, the higher shaking rate in study B is 

postulated to increase the gel erosion rate, and therefore, drug diffusion. Furthermore, the 

higher testing temperature in study A (37 ℃) is likely to enhance the gel strength and reduce 

its erosion rate, as demonstrated in Chapters 4 & 5. These findings highlight the influence of 

experimental settings on the release performance from poloxamers-based in situ forming gels.  

Of note, F10 and F11 exhibited comparable BH release profiles (f2 = 82), denoting that the 

inclusion of KT didn’t alter the release behavior of BH. Likewise, the release profiles of BH 
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and KT were similar (f2 = 62), which could be reasonably ascribed to their similar hydrophilic 

nature and comparable molecular size. 

 

Figure A.2: In vitro release profiles of F10 and F11 in phosphate buffered saline (pH 7.4) in (A) 

Eppendorf tubes containing 4 mL of PBS, shaking at 10 rpm at 37 ℃, and (B) dialysis bag suspended 

in a bottle containing 100 mL PBS, shaking at 50 rpm and 33 ℃. The findings demonstrate the effect 

of experimental conditions on the release profile from poloxamers-based in situ gels.  

A.2.5 Accelerated stability studies  

Accelerated stability studies were conducted to identify conditions at which the formulations 

could maintain their inherent properties and drug content. As presented in Table A.3, no 

significant (p ˃ 0.05) changes in sol-to-gel transition temperatures were observed at 4 ℃, 25 

℃ and 40 ℃ testing conditions. On the contrary, a significant (p < 0.05) increase in sol-to-gel 

transition temperatures and solution viscosity as a function of time was recorded under UV 

light. Interestingly, these changes were also accompanied by a pH drop from 6.02 to 3.85 (F6) 

and from 5.82 to 2.66 (F7), which could be attributed to the degradation of poloxamers into 

formic and acetic acids (427).  
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Studying drug stability under various conditions is a primary goal for conducting stability 

studies. As presented in Figure A.3A, BH and KT maintained 100% ± 5.0 of their initial 

concentrations when protected from UV light regardless of the temperature, i.e. at 4 ℃, 25 ℃ 

and 40 ℃. On the contrary, both drugs exhibited photolysis when subjected to UV light (light 

intensity = 3.84 ± 0.05 w/m2) at 40 ℃. Of note, BH exhibited a slower photodegradation rate, 

with a total loss of 13.2% ± 3.3 by the end of the study, i.e. three months. On the other hand, 

KT lost 100% ± 0.0 of its initial concentration in less than one month (428,429).  

To estimate the effect of poloxamers in the photodegradation, KT and BH degradation was 

determined in the presence and absence of poloxamers, with sampling at shorter time points 

(daily) to closely monitor the degradation profiles. As presented in Figure A.3B, KT 

demonstrated comparable degradation profiles in the presence and absence of poloxamers, 

suggesting that poloxamers didn’t significantly alter the photodegradation of KT. Though H. 

Soto et al. reported that KT was fully degraded under UV in only 4.8 hours (429), here it 

maintained ˃ 90% of its concentration for 5 days. Unfortunately, no data is available about the 

light intensity used by the authors to comment on this difference. Of note, BH didn’t show any 

signs of degradation in the presence and absence of poloxamers over the study period (7 days). 

Based on these findings, it is recommended to keep the developed formulation protected from 

UV light.  
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Table A.3: Changes in the sol-to-gel transition temperature (℃) of formulations F10 and F11 as a 

function of time at various testing conditions. Data are presented as mean ± SD, where n =3.  

Storage time 

(Months) 

Formulation F10 Formulation F11 

4 ℃ 25 ℃ 40 ℃ 40 ℃/ 

UV* 

4 ℃ 25 ℃ 40 ℃ 40 ℃/ 

UV* 

0 23 ± 0.0 25 ± 0.3 

1 23 ± 0.0 23 ± 0.0 24 ± 0.3  28 ± 0.0 25 ± 0.3 25 ± 0.0 25 ± 0.3 33 ± 0.6 

2 24 ± 0.0  24 ± 0.0  25 ± 0.6 34 ± 0.6 26 ± 0.6  26 ± 0.3  26 ± 0.6 42 ± 1.0 

3 24 ± 0.3  24 ± 0.0  25 ± 0.6 46 ± 0.6 25 ± 0.0  25 ± 0.0 25 ± 0.0  ˃ 50 

* 40 ℃/UV: test was carried out at 40 ℃ under UV light (light intensity = 3.84 ± 0.05 w/m2). A full description 

of testing conditions is given in methods (A.1.1.5).  

 

Figure A.3: Stability studies’ findings showing (A) the stability of BH and KT loaded F10 at various 

testing conditions over three months, and (B) the stability of BH and KT admixture in Milli-Q water 

(aqueous solution) and blank F10 (in situ gel). The results suggest the stability of the developed 

formulation (F10) under various testing conditions, except of UV light. In addition, the results suggest 

that the presence of poloxamers didn’t significantly alter the photolysis of KT under UV light.  
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Appendix B: Ethics Approval for Animal Studies  
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Appendix C: Postoperative Sheep Monitoring Sheet 
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Appendix D: Animal Studies’ Task Assignment  

Name        Responsibilities 

Dr Manisha Sharma (MS) − Lead investigator 

− Overall planning and execution 

 

Mr Hani Abdeltawab (HA) 

(PhD student) 

− Preparation and sterilization of the gel formulations 

− Assisting SB with the surgery. 

− Collection of blood samples 

− Immediate centrifugation of blood samples, and storage of 

obtained plasma. 

− Pressure plate measurements 

− Developing LC/MS method for drugs determination  

− Determination of drug concentration in plasma, 

− Help with euthanisation 

− Collect tissue samples, synovial and cartilage, and synovial 

fluids. 

− Fixation of the synovial tissues 

− Live/dead staining of cartilage tissues 

− Fixing the collected synovial tissues 

− Maintain proper storage to the collected samples 

− Transfer to the university laboratories within suitable 

conditions. 

− Processing of the samples  

− Collecting and analyzing the obtained data  
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Mr Scott Bolam (SB) − Perform surgical procedure 

− Inject the gel formulation into the joint space following surgery 

 

Dr Mark Oliver (MO) − Prepare the animals for surgery 

− Anaesthetise animals 

− Placement of Juglar catheter for withdrawing blood samples 

− Monitor animals in the post-operative period 

− Scoring the animals wrt Grimace scale 

− Euthanise animals 

− Collection of tissue samples 

 

Dr Chris Rogers (CR) − Pressure plate measurements, set up and analysis. 

Mr Gregg Pardoe (GP) − Prepare the animals for surgery 

− Monitor animals in the post-operative period 

− Euthanise animals 

 

Mr Eric Ai (EA) − Prepare the animals for surgery 

− Monitor animals in the post-operative period 

− Euthanise animals 
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