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ABSTRACT 

________________________________________ 
 
In the treatment of chronic pain, the analgesic ladder protocol recommends an escalation to 
potent opioids, including morphine, fentanyl and related analogues, after reaching maximum 
dosing with NSAIDs and less potent opioids like codeine. When opioids are used on a regular 
basis, however, they lead to various side effects including dependence, addiction, tolerance, 
withdrawal, euphoria and severe respiratory depression, a condition known as opioid use 
disorder (OUD) or opioid addiction. OUD is a chronic and relapsing disorder of the brain 
caused by the repeated exposure to exogenous opioids. 
 
At present, opioid antagonists like naltrexone and naloxone (NLX) are used as a treatment 
option which acts immediately but being antagonistic in nature, they lead to sudden withdrawal 
symptoms. To overcome this, a partial opioid agonist-antagonist such as buprenorphine (BUP) 
if used in combination can provide a more preferred treatment. Currently, this combination is 
available in the market as a sublingual tablet, but due to the effects of the Blood-Brain Barrier 
(BBB), a low bioavailability and residence time is experienced resulting in frequent dosing to 
have the required therapeutic effect, which is less patient compliant.  
 
The application of nanotechnology in the therapeutic and diagnostic fields has proved to be 
effective in improving the physicochemical properties of the drugs and the delivery system 
including improve patient compliance. Solid lipid nanoparticles (SLNs) have emerged as a 
carrier system that can deliver APIs across the BBB with a novel controlled or sustained drug 
delivery approach, target specificity, higher bioavailability, enhanced efficacy and reduced 
toxicity. The presence of a biocompatible lipid or modified lipid core in the SLNs help in the 
encapsulation of both hydrophilic and lipophilic APIs and provides stability by prohibiting 
leakage and degradation of APIs. Additionally, the drug containing SLNs can easily enter the 
CNS through the olfactory region of the nasal cavity via trans and para cellular pathways and 
avoid undergoing first pass metabolism. Although the nasal route is advantageous, the 
mucociliary clearance mechanism plays a significant role as a barrier to the delivery 
mechanism and absorption of the therapeutic agents. However, with the addition of thermo-
responsive and mucoadhesive polymers that increase the viscosity of the drug delivery 
system, the mucociliary clearance mechanism can be overcome. 
 
Therefore, a mucoadhesive in situ thermo-responsive BUP and NLX loaded SLN nasal spray 
was developed in this study as a potential treatment for OUD. 
 
The individual drug-loaded polymeric SLNs were formulated using the modified double 
emulsification technique, with each SLN optimized for particle size, entrapment efficiency and 
drug release using the Box-Behnken Design. The particle size, zeta potential and entrapment 
efficiency for NLX-loaded SLNs were found to be 142.2 nm, -18.2 mV and 78.7%, respectively, 
and for BUP-loaded SLNs were found to be 128.2 nm, -19.8 mV and 99.2%, respectively. The 
polymeric i.e. poly-caprolactone containing BUP- and NLX- loaded SLNs further allowed for 
the respective drugs to stay in the CNS and release over a period of week i.e. 7 days and as 
they were lipid i.e. glyceryl monostearate coated and in nano-size range, allowed an increased 
bioavailability of the drugs across the BBB. The quantification of NLX and BUP was done 
using a UV-Vis Spectrophotometer and HPLC, followed by the molecular structure 
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assessment for both the NLX- and BUP- loaded SLNs using a FTIR and thermal behaviour 
characterization using a DCS and TGA. 
 
Thereafter, the optimized drug containing SLNs were loaded in an optimized mucoadhesive 
in situ thermo-responsive gel (ISTG) matrix formulated using the cold method composed of 
Pluronic F-127 and hydroxypropyl methylcellulose for nose-to-brain drug delivery. Through 
the characterization of the physicochemical properties, ISTG was found to be thermo-
responsive at physiological nasal temperature i.e. 34 °C and mucoadhesive to overcome the 
mucociliary clearance rate of the nasal cavity. Additionally, ex vivo permeation studies were 
conducted where 72% of the drug containing SLNs were found to permeate across the porcine 
nasal membrane within 7 hours, indicating a good permeation rate. Lastly, the individual drug-
loaded optimized SLNs i.e. NLX-loaded SLNs and BUP-loaded SLNs and the drug containing 
SLN-loaded ISTG were found to be biocompatible using HEK293 cells as 84.16%, 85.39% 
and 84.86% cell viability were observed after 72 hours, respectively. Therefore, from the 
results obtained it can be concluded that the drug containing SLN-loaded ISTG has the 
potential to become an effective and patient compliant treatment option for opioid use disorder. 
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CHAPTER 1 
INTRODUCTION 

________________________________________ 
 
1.1 Background to this study 
In 1986, World Health Organization (WHO) in an effort to provide guidance on the use of 

analgesics, including paracetamol, non-steroidal anti-inflammatory drugs (NSAID’s) and 

opioids, by acknowledging patient, professional and regulatory legal concerns, suggested a 

conventional stepwise approach for acute and chronic pain management, which widely 

became known as the WHO analgesic ladder protocol (Choudhury et al., 2024; Raffa and 

Pergolizzi, 2014). As per the WHO’s analgesic ladder protocol, the addition of low or moderate 

potency opioids should only be done after the initiation of alternative analgesic agents at their 

maximum daily doses (McGuire and Slavin, 2020; Vargas-Schaffer, 2010). The concern with 

low to moderate potency opioids, such as codeine and tramadol, however, is their low maximal 

efficacy potential along with a significant adverse effect profile, including the risk of 

constipation, nausea, vomiting and possibly respiratory depression. In clinical cases where 

low to moderate potency opioids have been proven to be ineffective, the guidelines suggest 

the introduction of high potency opioids such as morphine, fentanyl, pethidine and oxycodone 

as part of the therapeutic intervention (Hagedorn, 2022; Vergne-Salle, 2016; Yang et al., 

2020). Opioids, however, when used on a regular basis may lead to major drawbacks like 

dependence, addiction, tolerance, withdrawal, euphoria, severe respiratory depression and 

potentially death (Hanna and Senderovich, 2021). 

 

According to the data reported by the United States Centers for Disease Control and 

Prevention (CDC) in 2022, 107,800 people died due to opioid overdose in the United States, 

increasing to 109,745 by 2023 (Ahmad et al., 2024; Nichols et al., 2023; Sharifi, 2021; Taylor 

and Samet, 2022). This follows the trend over the last 20 years, with the current number of 

deaths due to opioid overdoes expected to rise further over the coming years (Figure 1.1 

shows a graphical representation of deaths per 100,000 that were caused due to opioid 

overdose from 1999 – 2021, as provided by the CDC). A similar situation of deaths attributed 

to opioid overdose can now be seen in South Africa and worldwide. 
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Figure 1.1. Graphical representation of the deaths reported by the CDC that occurred due to 
opioid overdose from 1999 – 2021 (Reproduced with permission from , © 2021 The Author(s)). 
 

The majority of the patients that overdose or have been subjected to toxic levels of opioids, 

die from the complications associated with respiratory depression caused by the reduction of 

brain stem respiratory centre’s responsiveness to carbon dioxide, as well as depressing the 

respiratory centres in the pons and medulla (Pathan and Williams, 2012). On a cellular level, 

opioids produce their effects via interaction on the opioid receptors i.e. mu (µ), delta (δ) and 

kappa (Κ) leading to analgesia, euphoria and respiratory depression (Palmer et al., 2022; 

Tripathi, 2010). These receptors are mainly situated in the spinal and supraspinal region i.e. 

medulla, midbrain, limbic and cortical area of the central nervous system (CNS). The main 

analgesic effect is produced by the activation of receptors that results in an increase in 

potassium (K+) efflux, a blockade on sodium (Na+) influx channels and a decreased 

conductance of calcium (Ca2+) channels at presynaptic ascending spinal pathways. Therefore, 

opioids have a hyper polarisation effect on many terminals and prevent the ascending 

pathways from being activated by pain stimulation (Lambert, 2023; Paul et al., 2021; Plein and 

Rittner, 2018). Additionally, opioids have the potential to suppress the release of Gamma-

aminobutyric acid (GABA), which in turn increases dopamine release, resulting in an 

euphoretic effect (Valentino and Volkow, 2018). 

 

In the treatment of long-term opioid use disorder (OUD), most strategies involve the use of an 

opioid antagonist at the µ opioid receptor, such as naltrexone and naloxone (NLX) that 

occupies the receptors for a specific period and reduces the need of opioids. Additionally, a 

partial μ opioid receptor agonist and κ opioid receptor antagonist, such as buprenorphine 
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(BUP) is one of the most preferred drug used in the treatment of OUD (Chiang, 2003; 

Heidbreder et al., 2023). In the treatment of emergency situations resulting from both OUD 

and opioid overdose, NLX has also emerged as a powerful life-saving drug which reverses 

the respiratory depression caused by substances such as codeine, oxycodone, fentanyl and 

related drugs (Kassick et al., 2019). NLX as a sustained treatment is, however, limited by a 

rapid elimination rate with a short plasma half-life of approximately 1.5 - 2.0 hours and a high 

first-pass metabolism by the liver. Consequently, in order to maintain the antagonistic effect 

of NLX, in the emergency setting, it needs to be administered every 2 - 4 hours or frequently 

by constant infusion (Saari et al., 2024). 

 

Conversely, BUP, which is a partial μ opioid receptor agonist and κ opioid receptor antagonist, 

at lower concentrations stimulates the μ opioid receptor causing analgesia and euphoria but 

at higher concentrations starts to block the μ opioid receptor. This dual action limits the higher 

doses of BUP that would normally be required in OUD treatment but may also lead to an 

increase in the risk of abuse or enhanced binding of BUP at the μ opioid receptor. As with 

NLX, BUP also has a rapid rate of elimination with a short plasma half-life approximately 6 – 

7 hours and a high first-pass metabolism (Chiang, 2003; Compton et al., 2006; Mooney and 

Saxon, 2019). 

 

The usual treatment of OUD is therefore the long-term use of opioid antagonists or partial 

opioid agonist-antagonist, in which frequent dosing is required. The formulations which 

currently exist on the market for the treatment of OUD and opioid overdose include sublingual 

tablets (e.g., Suboxone®), intravenous injections (e.g., Vivitrol®), transdermal patches (e.g., 

Butrans®) and nasal spray (e.g., Narcan®) (Sharifi, 2021). These products, as reported do 

have an immediate and potent effect, however, there is still room for growth in the 

pharmacokinetic and pharmacodynamic properties, such as the residence time for certain 

products, with some being approximately 2 - 4 hours, leads to a need for frequent dosing. 

Additionally, many products have a low bioavailability, in part due to the pharmacokinetic 

properties of the drug as well as their inability to cross the blood brain barrier (BBB) to where 

the active ingredient is required to function. 

 

1.2 Rationale and Motivation 
The oral route is usually considered over other routes of administration for the treatment of 

diseases or conditions due to its high patient compliance. However, in the case of OUD 

treatment, it is not efficient, as the administered drugs undergo profound first-pass metabolism 

and gastro-intestinal degradation. Additionally, the transdermal, vaginal and rectal routes are 

considered non-compliant, as they are inconsistent when it comes to drug absorption. The 



4 
 

implant or parenteral routes are therefore considered to be one of the most reliable options in 

long term treatment of OUD but is less patient compliant. The nasal route, however, can be 

considered as one of the potential preferred routes for OUD and opioid overdose treatment as 

it circumvents first-pass metabolism, while being anatomically closer to the required site of 

action and more patient compliant. The nasal route functions by delivering the drugs or drug 

delivery system using two major cranial nerves that regulates the blood to the nasal mucosa: 

the ophthalmic and trigeminal nerves (maxillary and mandibular), out of which the maxillary 

and ophthalmic nerves play an important role of supplying the drugs from the nose to the CNS 

crossing the BBB via the para-cellular and trans-cellular routes (Goonoo et al., 2014; 

Govender et al., 2023; Sharifi, 2021; Vitore et al., 2023). The mucociliary clearance rate of the 

nasal cavity may, however, cause problems for the administered drug due to the human body’s 

natural defence mechanism (Kapoor et al., 2016). This can be overcome by increasing the 

muco-adhesive nature of the delivery system by adding muco-adhesive polymers and by 

decreasing the particulate/lipid components into the nano-size range. 

 

This study therefore seeks to overcome the above-mentioned therapeutic concerns or barriers 

through the development of a mucoadhesive in situ thermo-responsive gelling (ISTG) nasal 

spray containing polymeric solid-lipid nanoparticles (SLNs) separately loaded with BUP and 

NLX, optimized based on their respective pharmacokinetic properties, for the site-specific and 

prolonged delivery to the brain for the treatment of OUD. SLNs have been used due to their 

ability to overcome the concern of high elimination rates for NLX and BUP by allowing the 

drugs to release in the CNS over a period of one week, while increasing the bioavailability of 

the drugs across the BBB, allowing for a longer dosing interval. To overcome the concern of 

mucociliary clearance prior to absorption, the drug-loaded SLNs developed in this study have 

been delivered via the nasal route in the form of a thermo-responsive nasal spray prepared 

using the “cold method”, which upon change in temperature converts from sol to thin layer gel. 

This helps by increasing the muco-adhesive nature of the drug delivery system, resulting in 

an increased residence time on the nasal mucosa, prolonging the drugs duration of action. 

Through nasal spray dosage form, the drug-loaded SLNs can therefore easily enter the CNS 

through olfactory region of the nasal cavity via trans and para cellular pathways. A schematic 

representation of the site-specific delivery of BUP and NLX from the ISTG nasal spray is 

shown in Figure 1.2. 
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Figure 1.2. Schematic representation of nose to brain drug delivery of thermo-responsive 
gelling nasal spray containing SLNs of buprenorphine and naloxone (Adapted with permission 
from Kapoor et al. (2016), © 2016 Elsevier). 
 

1.3 Novelty, Aim and Objectives 
1.3.1 Novelty 
The elimination rate of BUP and NLX is very high therefore, they were loaded into polymeric 

SLNs, allowing the drugs to release in the CNS over a period of one week. The SLNs were 

composed of polycaprolactone (PCL), allowing for prolonged release, and were lipid i.e. 

glyceryl monostearate (GMS) coated, which allowed for increased bioavailability of the drugs 

across the BBB. The nasal spray dosage form is advantageous as the drugs avoid undergoing 

first pass metabolism and is more patient compliant as the administration of drugs will be once 

a week via a nasal spray. The dosage form was furthermore formulated in the form of an ISTG 

to overcome the mucociliary clearance by increasing the muco-adhesive nature of the gel 

system allowing it to give more time for the complete uptake of SLNs. This extensive design 

provides a novel approach to OUD treatment and addresses many of the concerns associated 

with conventional OUD interventions. 

 
1.3.2 Aim 
The aim of this study was to develop an ISTG nasal spray containing SLNs for the site-specific 

delivery of BUP and NLX to the brain for treatment of long-term OUD. 
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1.3.3 Objectives 
In order to achieve the above-mentioned aim, the following objectives were required to be 

achieved: 

1. Formulation and statistical optimization of NLX- and BUP- loaded SLNs for the delivery 

to the brain via the nasal route. 

2. Characterization of the developed SLNs using Zeta-Sizing, Fourier Transform Infrared 

Spectrometry and Scanning Electron Microscopy prior to the determination of the drug 

loading and entrapment efficiency using UV-Vis Spectrophotometry and in vitro drug 

release studies. 

3. Formulation of an ISTG nasal gel, prior to the incorporation of the NLX- and BUP- loaded 

SLNs and characterization using the Thermo-Hake MARS Modular Advanced Rheometer 

and Texture Analyser. 

4. Development of a High-performance Liquid Chromatography methodology for the 

separation of NLX and BUP prior to in vitro drug release studies on the ISTG with the 

NLX- and BUP- loaded SLNs. 

5. Evaluation of the cytotoxicity of the ISTG containing NLX- and BUP- SLNs on human 

embryonic kidney (HEK293) cells using the (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl 

tetrazolium bromide) (MTT) assay. 

6. Ex vivo permeation studies of the ISTG containing NLX- and BUP- loaded SLNs using 

porcine nasal membrane. 

 

1.4 Overview of the Dissertation 
Chapter One of this dissertation provides a brief introduction and background to OUD and 

how the improvisation of drug delivery systems (DDSs) assists in OUD treatment. Additionally, 

the rationale and motivation as well as novelty, aim and objectives of this study are provided. 

 

Chapter Two of this dissertation provides a detailed literature review on the DDSs available 

for the treatment of OUD. This review emphasizes how polymer-based DDSs and modified 

DDSs play an integral role in OUD treatment and the improvement of patient outcomes. 

Additionally, further in this review, the barriers related to DDSs for OUD treatment are 

mentioned, as well as the future outlook for OUD interventions, to which this study aims to 

address 

 

Chapter Three of this dissertation provides the design and statistical optimization of the NLX-

loaded SLNs utilizing the Box-Behnken experimental design, prior to the evaluation, 

characterization and cytotoxicity assessment of the optimized NLX-loaded SLNs. 
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Chapter Four of this dissertation provides the design and statistical optimization of the BUP-

loaded SLNs utilizing the Box-Behnken experimental design. Additionally, the evaluation, 

characterization and cytotoxicity assessment of the optimized BUP-loaded SLNs is provided 

as a part of this chapter. 

 

Chapter Five of this dissertation provides the detailed pre-formulation studies and 

optimization of the ISTG, as well as the loading of blank-, NLX- and BUP- loaded SLNs into 

the ISTG. Additionally, the evaluation, characterization and cytotoxicity assessment of the 

unloaded ISTG and blank-, NLX- and BUP- loaded SLNs into the ISTG has been presented 

in this chapter as well as the ex vivo permeation studies of the drug containing SLN-loaded 

ISTG using porcine nasal membrane. 

 

Chapter Six of this dissertation provides the conclusion and limitations of this study and the 

future recommendations for advancing thermo-responsive nasal gelling systems as well as 

other advanced nose-to-brain DDSs for the treatment of OUD and other conditions involving 

the CNS. 

 
 



CHAPTER 2 
A REVIEW OF THE ADVANCED DRUG DELIEVRY STRATEGIES AND BARRIERS TO 

TREAT OPIOID USE DISORDER 

________________________________________ 
 
2.1. Introduction 
In the treatment of chronic pain, the analgesic ladder protocol recommends an escalation to 

potent opioids, including morphine and fentanyl (or their analogues), after reaching maximum 

dosing with NSAIDs or less potent opioids, such as codeine and tramadol (Choudhury et al., 

2024; Raffa and Pergolizzi, 2014). Potent opioids when used regularly can, however, lead to 

drug dependence, addiction, tolerance, and withdrawal, a clinical impairment known as OUD 

(Kakko et al., 2019; Strang et al., 2020). Specifically, the United States CDC in 2021 reported 

that approximately 80,816 deaths in the United States could be attributed to natural or semi-

synthetic opioid abuse, increasing to 109,745 by 2023 (Ahmad et al., 2024; Nichols et al., 

2023; Skolnick, 2022; Taylor and Samet, 2022), while data obtained in 2022 determined that 

around 6.1 million people were affected globally by OUD, which also includes the use of non-

food and drug administration (FDA) approved synthetic opioids, such as N-desethyl 

isotonitazene, which is 20 times stronger than fentanyl (Nataraj et al., 2024; Sharifi, 2021; 

Walton et al., 2023; Young et al., 2016). Further research has also shown that approximately 

1 million patients with OUD remain untreated annually due to a lack of access to effective 

OUD treatment (Jones et al., 2015).  

 

Opioids work on the mu (µ), delta (δ) and kappa (Κ) receptors of the brain by activating the 

potassium (K+) efflux, blocking the sodium (Na+) influx and decreasing the conductance of 

calcium (Ca+2) channels of the presynaptic ascending spinal pathways (Palmer et al., 2022; 

Paul et al., 2021; Plein and Rittner, 2018; Tripathi, 2010). Opioids have a hyper polarization 

effect on these receptors, thereby preventing the ascending pathways from being activated by 

pain stimulation (Lambert, 2023). GABA interneurons additionally have a regulatory effect on 

the brain i.e., suppression on the dopamine producing neurons. Opioids block the inhibitory 

control exerted by the GABA neurons resulting in the reduction of GABA-mediated 

(GABAergic) presynaptic neurotransmitter release, which increases ventral tegmental area 

dopaminergic activity, thereby leading to an enhanced brain reward mechanism as well as an 

increased drug-consumption and possibly drug-craving behaviour (Bakare et al., 2024; 

Lambert, 2023; Valentino and Volkow, 2018). These pathways allow for possible intervention 

by drug molecules, allowing for the treatment of OUD. Figure 2.1 represents the mechanism 

of actions of opioids on the control mechanism of dopamine release and pain stimulation. 



9 
 

 

 
Figure 2.1. Schematic representation of the pharmacological actions of opioids on the control 
mechanism of dopamine release and pain stimulation (Adapted from Paul et al. (2021), © 
2021 by the authors). 
 
The current treatment approach for OUD constitutes the use of opioid agonists, partial opioid 

agonist-antagonists, and opioid antagonists. Of these agents, methadone, BUP, NLX, 

naltrexone, and nalmefene are the most commonly administered and although these agents 

are effective, they are often hindered by their pharmacokinetic profiles (Paul et al., 2021; 

Tripathi, 2010). Methadone was the first agonist developed and used in 1964 to manage 

heroin dependence and is currently used to treat OUD. It is rapidly absorbed with peak plasma 

effects reached after approximately 4 hours and has a mean half-life of 22 hours (Chalabianloo 

et al., 2024). Methadone can also develop cross-tolerance with other opioids and is therefore 

used as a replacement for opioid maintenance treatment. Specifically, studies have proven 

that 1 mg of methadone has the potency to replace 4 mg of morphine, resulting in the 

methadone maintenance program (MMT) being one of the most widely considered OUD 

treatment options (Hanna and Senderovich, 2021). It should, however, be noted that 

methadone has a gradual onset of action, is generally long-acting and can result in drug 

accumulation, unintended toxicity, and dependence in long term treatment interventions 

(Mooney and Saxon, 2019).  

 

BUP, conversely, is a partial µ opioid receptor agonist and Κ opioid receptor antagonist with 

a rapid absorption, reaching peak plasma levels approximately 1 hour after ingestion. It, 

however, has a poor bioavailability of only 35% (Chiang, 2003; Compton et al., 2006; Mooney 

and Saxon, 2019; Strain et al., 2004). Additionally, to reduce the abuse liability of BUP without 
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affecting its efficacy, it is usually administered in combination with an opioid antagonist, such 

as NLX (Heidbreder et al., 2023). NLX, naltrexone and nalmefene are examples of opioid 

receptor antagonists that competitively bind to opioid receptors to stunt the physiological 

effects of opioids, heroin, and other abused drugs (Edinoff et al., 2021; Tripathi, 2010). NLX 

is rapidly absorbed reaching peak plasma levels within few minutes, when administered 

intravenously and sublingually. The half-life of NLX is 30 - 45 minutes with a bioavailability of 

50% and can reverse the effects of exogenous opioids (Koyyalagunta, 2011; Saari et al., 

2024). Naltrexone, on the other hand, requires approximately 1 hour to reach peak plasma 

levels with a half-life of 4 hours (Dunbar et al., 2006; Mooney and Saxon, 2019). Studies 

suggest that approximately 2.8 ng/mL and 2 ng/mL of serum naltrexone levels are effective to 

block the effects of 500 mg snorted pharmaceutical grade diamorphine and 25 mg 

intravenously administered heroin, respectively (Domnina et al., 2021; Goonoo et al., 2014). 

 

In an effort to overcome the side-effects and drawbacks in the pharmacokinetic and 

pharmacodynamic properties of the opioid reversal agents and to potentiate their effects, 

various advanced DDSs have been developed employing diverse sustained- and controlled-

release mechanisms (Al Ragib et al., 2022; Goonoo et al., 2014). These platforms have shown 

that the effects of first pass metabolism, the limited amount of drug reaching the brain due to 

BBB and the decreased residence time of the opioid reversal agents can prevail with the 

implementation of DDSs designed to the properties of the respective drug molecule and its 

functionality (Satapathy et al., 2021). This article therefore provides a concise incursion into 

the novel pharmaceutical strategies to treat OUD, with emphasis provided on the polymeric 

micro- and nano-systems that have been developed for this condition. The efficacy of these 

platforms along with the in vivo experimental and/or clinical trial data generated are further 

explored in tandem with the research gaps and future outlook for this important field of 

research. 

 

2.2. Advanced drug delivery strategies for the treatment of OUD 
The use of polymeric micro- and nano-particle-based DDSs, implantable devices and 

microencapsulation technologies is an emerging field with the potential to improve treatment 

outcomes for OUD. With the incorporation of advanced DDSs in treatment regimens, precise 

drug targeting, enhanced drug solubility, reduced drug dosages, mitigation of tolerance, 

combinational therapies and desired release profiles of the drugs administered can be 

achieved. Based on the release profile generated, these DDSs can be branched into 

immediate- and modified- release systems, with the modified-release systems subclassified 

further into delayed-, extended- and targeted- release systems, followed by extended-release 

systems being bifurcated into controlled- and sustained- release systems (Eleraky et al., 2020; 
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Goonoo et al., 2014; Gude and Varun, 2024; Khizar et al., 2023; Sultana et al., 2022; Tiwari 

et al., 2012). 

 

The DDSs alongside the delivery route plays a vital role in overcoming the barriers to treat 

OUD. Of the various routes of administration used, the sublingual, parenteral, transdermal and 

nasal routes are the most preferred for the delivery of opioid reversal agents, as they 

circumvent the effect of first-pass metabolism (Sultana et al., 2022; Tiwari et al., 2012). 

Provided below are the various pharmaceutical systems that have been developed for OUD 

treatment, categorized based on their functionality and dosage forms. 

 

2.2.1. Biomaterials used in the design of OUD therapeutics 
Polymers have become an integral part of OUD DDS design due to their improved drug-

release properties and superior circulation time, while allowing for predictable and effective 

site-specific targeting (Srivastava et al., 2016). Biodegradable and biocompatible polymers 

offer a safe passage for drug delivery and involves the cleavage of covalent bonds between 

the polymers and OUD reversal agents without any changes in the pharmacological and 

physicochemical properties of the drugs delivered (Kasina et al., 2022; Liechty et al., 2010). 

Additionally, polymers that respond to external stimulus such as change in pH or temperature 

results in alteration of properties such as hydrophobic/ hydrophilic balance, solubility and 

release of OUD reversal molecules (Schmaljohann, 2006; Srivastava et al., 2016). Recent 

advancements in polymer-based controlled- and sustained- drug release systems and 

encapsulations, have aided in regulating drug administration by preventing under or 

overdosing of the therapeutic molecules. Additionally, these advanced systems have helped 

in minimizing side effects, while improving the bioavailability, residence time and patient 

compliance of drugs used in OUD treatments (Kasina et al., 2022; Liechty et al., 2010). The 

various polymers that have been used to develop advanced drug delivery platforms for OUD 

treatment have been summarized in Table 2.1. 

 

Table 2.1. Summary of the currently developed polymer-based DDSs for OUD. 
Polymer Drug Molecules* Route of 

administration 
Drug Release 
Period  

Reference 

     
Poly(lactic acid) 
(PLA) 

NLX Injectable 4 days (Averick et al., 
2024; Kassick 
et al., 2019; 
Kaur, 2018; 
Kovaliov et 
al., 2017) 
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Naltrexone Injectable 7 days (Karavelidis et 
al., 2015; 
Nanaki et al., 
2020) 

    
Naltrexone 
(Naltrel®) 

Injectable 28 days (Galloway et 
al., 2005; 
Goonoo et al., 
2014; Liu et 
al., 2006; 
Tijani et al., 
2022) 

    
Naltrexone 
(O’Neil®) 

Implant 95-145 days 
depending on 
the dosage 
strength 

(Goonoo et 
al., 2014; 
Krupitsky et 
al., 2012; 
Kunoe et al., 
2009; Ngo et 
al., 2008) 

     
Poly(lactide-co-
glycolide) 
(PLGA) 

NLX Injectable 7 days (Benéitez 
García et al., 
2023; 
Benéitez et 
al., 2014) 

    
BUP Injectable 21 days (Kamali et al., 

2019, 2018) 
    
BUP Injectable 3 days (Guarnieri et 

al., 2018a; 
Schreiner et 
al., 2021) 

    
Naltrexone 
(Vivitrol®) 

Injectable 30 days (Andhariya et 
al., 2017; 
Goonoo et al., 
2014; 
Krupitsky et 
al., 2017; 
Ndegwa et al., 
2017) 

    
BUP (Sublocade®) Injectable 28 days (Laffont et al., 

2016; Nasser 
et al., 2016, 
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2014; 
Packhaeuser 
et al., 2004; 
Rosenthal 
and Goradia, 
2017; 
Rosenthal, 
2019) 

    
BUP (NORVEX®) Injectable 6 weeks (Rosenthal 

and Goradia, 
2017; Sigmon 
et al., 2006, 
2004) 

     
Ethylene vinyl 
acetate (EVA) 

BUP 
(Probuphine®) 

Implant 6 months (Ling et al., 
2010; 
Rosenthal, 
2019; 
Rosenthal et 
al., 2013) 

     
Polyvinyl 
pyrrolidone 
(PVP) 

NLX Transdermal 4-40 days 
depending on 
the array size 

(Guarnieri et 
al., 2018b; 
Tijani et al., 
2023) 

    
BUP Transdermal 3 days (Rahmani et 

al., 2021) 
     
Poly(acrylic 
acid) (PAA) 

BUP (Transtec®) Transdermal 4-7 days 
depending on 
the dosage 
strength 

(Budd and 
Collett, 2003; 
Likar et al., 
2007; Sittl, 
2003) 

     
Hydroxypropyl 
methylcellulose 
(HPMC) 

BUP and NLX 
(Suboxone® 
Sublingual Film) 

Sublingual 12-24 hours 
depending on 
the dosage 
strength 

(Borges et al., 
2015; Gupta 
et al., 2022; 
Silva et al., 
2015; Sullivan 
and Webster, 
2015) 

     
Hydroxypropyl 
cellulose (HPC) 

BUP (Butrans®) Transdermal 3 days (Lanier et al., 
2008, 2007; 
Rosenthal 
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and Goradia, 
2017; 
Wiegand et 
al., 2016) 

*Marketed product names included where relevant 

 

2.2.1.1. DDSs for extended drug release 
DDSs designed for the extended release of the therapeutic moieties have become a very 

useful tool in medical practice, as they offer a wide range of advantages. These include 

reducing the dosing frequency of therapeutic moieties, maintaining therapeutic concentrations 

over a prolonged period and reducing drug toxicity at the site of action by minimizing drug 

accumulation, with the further potential to increase patient compliance and convenience 

(Bhowmik et al., 2018; Shah et al., 2015). Several extended DDSs, delivered via different 

routes of administration, for OUD treatment have recently been developed and have been 

discussed herein. 

 

2.2.1.1.1 Injectables 
Extended-release injectable formulations can serve as a platform technology for a wide range 

of drugs, offering the benefits of first-pass metabolism avoidance, a direct systemic 

intervention resulting in an immediate and effective therapeutic efficacy, cost-effectiveness 

and the potential to attract and retain high-risk individuals with OUD, as adherence to daily 

medication may be a challenge (Jindal et al., 2023; Socías and Nolan, 2021). 

 

The extended release of drug molecules is particularly advantageous in the treatment of OUD 

due to it circumventing many of the pharmacokinetic concerns with OUD drug interventions, 

while also decreasing treatment intervals and increasing patient compliance. Following this 

theme, Kassick et al. explored the use of PLA in designing a long-acting NLX delivery system 

utilizing covalent injectable nanoparticle technology (Kassick et al., 2019). PLA is a synthetic, 

high strength biodegradable aliphatic polyester which is degradable through hydrolysis, 

proving it to be beneficial in OUD DDS design (Borandeh et al., 2021; Farah et al., 2016; Ulery 

et al., 2011). In this study, NLX-loaded covalent nanoparticles (NLX-cNPs) were prepared via 

the NLX initiated, ring opening polymerization reaction of L-lactide, as represented in Figure 

2.2, using an organocatalyst to precipitate the NLX-PLA polymer followed by the nano-

precipitation technique to obtain NLX-cNPs (Kassick et al., 2019; Kaur, 2018; Kovaliov et al., 

2017). The NLX-cNPs were found to have a particle size, PDI and drug loading capacity of 

≈243 nm, 0.15 and 7% w/w, respectively. Additionally, in vitro analysis of the Nal-cNPs 

exhibited sustained release linear kinetics over a period of 7 weeks with a cumulative release 

of 65% NLX. The in vitro biocompatibility assay of NLX-cNPs further demonstrated excellent 
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biocompatibility, as the nanoparticles showed no significant influence on cell viability across 

the concentration range of 250 μg/mL to 3 mg/mL on HEK293 cells, murine embryonic 

fibroblasts (NIH-3T3), and human keratinocytes (HaCaT). A rodent model of neuropathic pain 

was further used for the assessment of the in vivo efficacy of the NLX-cNPs, where a blocking 

effect by the NLX-cNPs on high dose morphine (10 mg/kg) for up to 98 hours was reported, 

substantially improving the duration of action of NLX and supporting the use of this DDS for 

the treatment of OUD (Averick et al., 2024; Kassick et al., 2019). 

 

 
Figure 2.2. Schematic representation of the formulation of Covalent Naloxone-PLA 
Nanoparticles (NLX-PLA-cNPs): [a] Naloxone (NLX) initiated ring opening polymerization 
(ROP) of L-Lactide under thiourea-catalyst results in the formation of Naloxone-poly (L-lactide) 
polymer (NLX-PLA), [b] Nal-PLA is converted to Nal-PLA-cNPs using the nano-precipitation 
technique and [c] NLX is released from the nanoparticles because of the degradation of the 
bonds within NLX-PLA-cNPs due to ester hydrolysis (Adapted with permission from Kassick 
et al. (2019), © 2019, American Chemical Society). 
 

In another study by Nanaki et al. (2020), a novel block copolymer of poly(l-lactide)-block-poly 

(propylene adipate) (PLLA-b-PPAd) was synthesized and used to encapsulate naltrexone 

forming a long-acting microparticle injectable formulation. The single emulsification method 

was used for the formulation of microparticles that ranged between 0.4 - 4.5 µm with a drug 

loading and entrapment efficiency of 8.30 ± 0.21% and 33.21 ± 1.62%, respectively. 

Additionally, through XRD and DSC analysis, it was found that naltrexone was present in the 

amorphous state in its microparticles. The study further noted that the in vitro drug release of 

the PLLA-b-PPAd-naltrexone microparticles was extended over a period of 7 days and that 

drug release of naltrexone was dependent on the copolymer composition. The model release 
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studies showed that the release of naltrexone from the microparticles was controlled by 

diffusion mechanism and with the extended release effect of this DDS, the duration of action 

of naltrexone was increased (Karavelidis et al., 2015; Nanaki et al., 2020). 

 

Liu et al. (2006) and co-workers, have further described a naltrexone-loaded poly (D,L-lactic 

acid) (PDLLA) microsphere injectable formulation formulated using a microencapsulation 

technique based on the formation of a water-in-oil-in-water double emulsion. In this study, the 

particle size and encapsulation efficiency of the microspheres was found to be 200 μm and 

82.73% respectively, with the injectable usually containing 300 mg of naltrexone releasing into 

the blood plasma at different stages, providing a sustained release. In vitro drug release of the 

naltrexone microspheres showed a cumulative release of 80% naltrexone at the end of 60 

days. It should be noted that a similar drug delivery profile was observed for ‘Naltrel®’ 
(DrugAbuse Sciences, Inc, Paris, France) which is a marketed naltrexone-containing 

injectable (Goonoo et al., 2014; Liu et al., 2006; Tijani et al., 2022). In vivo evaluation of these 

naltrexone-PDLLA microspheres using six-week-old Sprague Dawley rats weighing 200–220 

g found that surface naltrexone released within 24 hours at the site of injection after which, 

within 48 hours the site of injection, the DDS underwent hydration, which lead to naltrexone-

PDLLA polymer degradation at a slower rate, forming the monomer constituents. This resulted 

in a sustained naltrexone release phase over a period of 28 days which has the potential to 

substantially increase patient compliance (Galloway et al., 2005; Liu et al., 2006). 

 

Kamali et al. (2018) further formulated an injectable in situ forming gel (ISFG) of buprenorphine 

using a PLGA-polyethylene glycol-PLGA (triblock) polymer and N-methyl-2-pyrrolidone as a 

solvent for decreasing the initial burst release of buprenorphine. PLGA is a biocompatible and 

biodegradable aliphatic polyester formed by the copolymerisation of lactic and glycolic acid 

monomers which, upon alteration in composition ratios can influence the solubility, 

degradation time and release profile of DDSs (Borandeh et al., 2021; Kapoor et al., 2015; 

Magill et al., 2023). In this study, a ring opening polymerization reaction using supercritical 

CO2 (ScCO2) method was used for the synthesis of the triblock polymer (Kamali et al., 2018). 

In vitro, ex vivo, and in vivo studies of the ISFG were compared by Kamali et al. (2019) to an 

in situ forming implant (ISFI) composed of copolymer PLGA 504H (like RBP-6000) and it was 

found that the initial burst release in in vitro media for the ISFG and ISFI were 6.19 ± 0.31% 

and 13.45 ± 1.14% respectively. ISFG was also found to have a significantly lower burst 

release than that for the ISFI because of the thermosensitive property of the triblock and 

hydrogen-bonding between the N-methyl-2-pyrrolidone molecules and that the polyethylene 

glycol of the triblock prevented the N-methyl-2-pyrrolidone from diffusing rapidly into the 

release medium. Further in vivo evaluation of the Cmax of BUP in ISFG was found to be 6.95 
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± 0.98 ng/mL as compared to the 8.19 ± 1.02 ng/mL ISFI. The AUC and the serum 

concentration (C) range of BUP for the ISFG was further determined to be 2721.38 ± 69 and 

1.87–7.12 respectively as compared to ISFI (AUC = 2727.36 ± 71, C = 1.75–10). This study 

additionally noted through ex vivo studies that the ISFG can be used as a new type of 

sustained-release injectable formulation as it released BUP over a period of 21 days with a 

smaller initial burst release than the ISFI and this is a potential benefit in therapeutic 

treatments (Kamali et al., 2019). 

 

From a clinical trial perspective, Andhariya et al. (2017) and co-workers, have described a 

naltrexone containing PLGA (75:25) microsphere injectable formulation very similar to Vivitrol® 

(Alkermes, Inc, Cambridge, MA), a naltrexone containing marketed injectable formulation, in 

order to evaluate the properties of Vivitrol® (Andhariya et al., 2017). The injectable product 

usually contains 380 mg of naltrexone that releases into the blood plasma in different stages 

giving a sustain release. In the initial phase, the surface drug was released within 24 hours at 

the site of injection after which, within 48 hours the site of injection underwent hydration and 

the naltrexone-PLGA polymer degraded slowly to its monomer constituents and released 

naltrexone in sustained release phase over a period of 30 days. A similar mechanism of 

naltrexone release is observed in Vivitrol® (Andhariya et al., 2017; Goonoo et al., 2014; 

Krupitsky et al., 2017). Additionally, as per the clinical data obtained by Ndegwa et al. (2017) 

from the ALK21-013 randomized, placebo-controlled, double-blind trial, Vivitrol® was 

evaluated over a period of 24 weeks. A total of 250 patients were enrolled randomly with OUD 

out of which 126 received Vivitrol® and 124 received a placebo within one week of 

detoxification followed by every four weeks thereafter. Approximately 53.2% patients who 

received Vivitrol® completed the study as compared to 37.9% with the placebo. Additionally, 

Vivitrol® increased the proportion of opioid free weeks compared to the placebo group by 90% 

with Vivitrol® versus 35% with the placebo, proving the effectiveness of Vivitrol® (Ndegwa et 

al., 2017). 

 

Using the double emulsion evaporation technique i.e. water-in-oil-in water (W1/O/W2) 

Benéitez et al. (Benéitez et al., 2014) formulated a subcutaneous NLX loaded microsphere 

(NLX-MP) injectable. In the study, naloxone hydrochloride (60 mg) was loaded in the 

formulation using sorbitan esters as emulsifiers to give the microspheres an entrapment 

efficiency of 70%. Additionally, sorbitan esters help in reducing the media acidification that is 

caused due to the degradation of PLGA. As per Benéitez et al. (2014), the PLGA present in 

the formulation provided a sustained release of naloxone hydrochloride over a period of 7 days 

(Benéitez et al., 2014). In vitro studies further demonstrated the antagonizing effect of NLX-

MPs on morphine induced human neuroblastoma (SHSY5Y) cells and myenteric plexus-
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longitudinal muscle tissue isolated from guinea-pig ileum over a period of 7 days. The in vivo 

evaluation of the NLX-MPs was carried out in morphine induced mice for testing the 

antagonism of the antinociceptive effect of morphine using the hot plate method. Results 

showed that subcutaneous administration of NLX-MPs blocked the morphine effect that was 

induced in mice. Additionally, the subcutaneous administration of the NLX-MPs enhanced 

NLX’s therapeutic efficacy as a non-addictive medication, proving its potential as a suitable 

OUD intervention (Benéitez García et al., 2023). 

 

Nasser et al. (2014), further described a subcutaneous microcapsule depot formulation that 

was designed to release BUP in a sustained manner over a period of 28 days (Nasser et al., 

2014; Rosenthal and Goradia, 2017). The depot was formulated with a dose of 200 mg/ml of 

BUP, containing a biodegradable PLGA polymer and a biocompatible solvent i.e. N-methyl-

pyrrolidone that worked on the precipitation technique. The formulation, when interacted with 

water, solidified at the surface of the subcutaneous space and provided the sustain release of 

BUP by increasing the residence time. The similar mechanism of drug release was observed 

in ‘RBP-6000’ (Indivior, Richmond, VA, USA) also known as Sublocade® which is a marketed 

BUP containing depot formulation (Nasser et al., 2014; Packhaeuser et al., 2004; Rosenthal 

and Goradia, 2017; Rosenthal, 2019). The clinical trials done by Nasser et al. (2016), 

suggested that a 300 mg RBP-6000 injection demonstrated rapid and sustained BUP 

exposure that blocked the agonistic effect of hydromorphone resulting in protection against 

the illicit opioids (Nasser et al., 2016). Additionally, RBP-6000 still maintained a ≥70% efficacy 

even though not being stimulated for a period of 2 weeks (Laffont et al., 2016). As per FDA 

briefing documents, a 24-week randomized, multisite and controlled safety efficacy study (n = 

504) was done using 2 dosage regimens: RBP 6000 300 mg × 2 doses followed by 100 mg × 

4 doses and RBP 6000 300 mg × 6 doses, against a placebo for treatment-seeking patients 

who were first induced with 8 - 24 mg of sublingual BUP over 2 weeks until clinically stable. 

The ‘300 mg × 6 doses’ regimen showed more discontinuation as compared to the ‘300 mg × 

2 doses’ followed by ‘100 mg × 4 doses’ regimen due to the adverse reaction at the site of 

injection, elevated liver enzymes, constipation and drug withdrawal syndrome concluding that 

the ‘300 mg × 2 doses’ followed by ‘100 mg × 4 doses’ regimen was safe and effective 

(Rosenthal and Goradia, 2017; Rosenthal, 2019). 

 

Schreiner et al. (2021), also formulated a BUP containing microparticle depot formulation 

which was formulated through emulsification. The sustained release of BUP was achieved by 

polymerizing BUP with PLGA and formulating it into microparticle using polyvinyl alcohol 

(PVA). The microparticles had a particle size, drug loading and entrapment efficiency of 33.7 

± 10.9 μm, 4.1 ± 1.2% and 86.1% respectively. In vitro drug release studies further determined 
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that the polymeric BUP containing microparticles were found to have a cumulative sustained 

release of BUP over a period of 72 hours, which proves that the DDS helps in increasing the 

bioavailability and residence time of BUP at the site of action (Guarnieri et al., 2018; Schreiner 

et al., 2021). 

 

Sigmon et al. (2004), described a BUP-loaded micro-capsule depot formulation 100-150 µm 

in size and formulated using the biodegradable PLGA polymer (65:35) and buprenorphine 

base functioning on the micro-capsule depot technology. A similar technology is used in 

NORVEX® (Biotek, Inc., Woburn, MA, USA) which is a BUP containing micro-capsule depot 

formulation. This technology helped to achieve the sustained release of BUP by increasing 

the residence time of BUP (Rosenthal and Goradia, 2017; Sigmon et al., 2004). Clinical data 

obtained by Sigmon et al., (2006). suggested that, once BUP micro-capsules were 

administered subcutaneously, BUP reached its maximum plasma peak levels on day 2 or 3, 

which gradually decreased to zero over a period of 6 weeks (Sigmon et al., 2006). In a 6-week 

controlled trial (n = 15) of a 58 mg BUP depot versus a placebo depot in opioid dependent 

participants, Sigmon et al. (2004) also found that the BUP micro-capsule depot was effective 

in suppressing the withdrawal symptoms from opioids and provided significant blockade of the 

opioid receptor as 86.6% recovery rate was observed in comparison to 13.4% recovery in 

placebo participants (Sigmon et al., 2004). 

 

In a study conducted by Khodaverdi et al. (2023) and co-workers, a BUP containing sustained 

release in situ forming lipid-lipid crystal gel (ISFLLCG) formulation was prepared consisting of 

amphiphilic molecules, such as phosphatidylcholine (PC) and glycerol dioleate in the ratio of 

50:50 (w/w%) in N-methyl-2-pyrrolidone solvent (Khodaverdi et al., 2023; Salikolimi et al., 

2020). In this system when the ISFLLCG got into contact with interstitial aqueous fluid, it self-

assembled into a reverse phase water-in-oil viscous liquid gel that eluted BUP at a predictable 

rate giving it a sustained release. A similar ISFLLCG system is seen in ‘CAM2038’ 

(FluidCrystal®; Camurus AB, Lund, Sweden), which is a BUP containing subcutaneous depot 

formulation (Rosenthal and Goradia, 2017; Tiberg et al., 2012; Tiberg and Johnsson, 2011). 

As per the in vitro drug release studies, the formulation was found to show a sustained release 

profile over a period of 30 days. The degradation rate and drug release profile were found to 

have the same linearity pattern and after a month, 42% of the formulation went under 

degradation indicating 42% of the drug was released through degradation and 58% via 

penetration mechanism. L929 skin fibroblasts were used for the assessment of in vitro 

cytotoxicity, where good biocompatibility of the formulation was found over 6, 12, 24 and 72 

hours and 1, 2, 3 and 4 weeks. In vivo studies were further carried out on New Zealand rabbits 

for the assessment of gel formation after ISFLLCG administration, no gel formation was found 
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in the control and NMP-dissolved BUP groups, whereas the BUP-free ISFG and BUP ISFG 

displayed gel formation (Khodaverdi et al., 2023). In the evaluation of CAM2038, a 

randomized, double blind, multisite 24-week non-inferiority phase 3 trial was performed by 

Braeburn Pharmaceuticals on 428 participants with moderate to severe OUD. In the trial 

CAM2038 was tested against sublingual BUP at various sites and responders were defined 

as ≥ 33% (4 of 12) for Phase 1 urine toxicology tests and ≥ 67% (4 of 6) for Phase 2 urine 

toxicology tests being negative for illicit opioids. In another study by Braeburn Pharmaceuticals 

and Camurus (NASDAQ STO:CAMX), participants were induced with daily sublingual BUP 

with weekly subcutaneous placebo injection or weekly subcutaneous CAM2038 BUP injection 

with a daily sublingual placebo tablet. CAM2038 subcutaneous BUP injection was found to be 

superior compared to the sublingual BUP tablets due an increase in the percentage of urine 

samples negative for illicit opioids with this intervention (Lofwall et al., 2018; Rosenthal and 

Goradia, 2017; Rosenthal, 2019). 

 

2.2.1.1.2 Implants 
Implantable DDSs are surgically implanted medical devices designed to deliver therapeutic 

moieties in a controlled or sustained manner over a period of months to years at a specified 

target site and is one of the properties that can help to overcome the poor pharmacokinetics 

of opioid reversal agents. Additionally, with advancements made in implantable DDSs, several 

benefits like smart implants can monitor a patient’s condition and administer drug as per 

requirement and due to its reduction in size is less invasive and easily localizable with more 

target specificity (Fayzullin et al., 2021; Huanbutta et al., 2024). In this section the various 

extended-release implantable DDSs that have been developed for OUD interventions have 

been discussed. 

 

One such study who developed an implantable DDS for OUD explored the use of PDLLA (Ngo 

et al., 2008). This research developed an implant composed of naltrexone and poly(trans-3,6-

dimethyl-1,4-dioxane-2,5-dione) (D,L) lactide microspheres, which were compressed into 

tablets (8 mm diameter, 5 mm thickness) followed by coating with PDLLA to achieve a 

sustained release of naltrexone. The platform which is marketed as ‘O’Neil®’ (Go Medical 

Industries, Perth, Australia), is a naltrexone-containing implant which works on the same 

mechanism as described in this study (Goonoo et al., 2014; Ngo et al., 2008). As per data 

collected, 1 - 2 ng/mL of naltrexone was released for 3, 5 and 7 months from the 10, 20 and 

30 pellet implants, respectively. The 1.1 g (10), 2.2 g (20) and 3.3 g (30) naltrexone implant 

treatment additionally maintained free blood naltrexone levels above 2 ng/mL for 95 days (95% 

CI 69-121), 136 days (95% CI 114-158) and 145 days (95% CI 125-167), respectively (Ngo et 

al., 2008). Further evaluating this type of platform, Krupitsky et al. (2012) evaluated O’Neil® in 
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a three-group, double-dummy design study carried out on 102 opioid dependent patients over 

a period of 6 months. This study noted that a larger proportion of urine samples were found to 

be opioid negative in the naltrexone implant group (52.9%), when compared to both the oral 

naltrexone (15.7%) and placebo (10.8%) groups, noting the benefits of using this implant over 

oral formulations (Krupitsky et al., 2012; Kunoe et al., 2009). 

 

EVA is an FDA approved, transparent thermoplastic copolymer of ethylene and vinyl acetate 

monomers which are biocompatible for implants and parenteral applications in the treatment 

of OUD. The vinyl acetate content determines the crystallinity, melting point, stiffness and 

polarity of the EVA giving it an edge in developing various DDSs (Almeida et al., 2012, 2011; 

Repka et al., 2008; Schneider et al., 2017). One such platform was a BUP-containing 

subcutaneous implant developed by Rosenthal et al. (2013), for implantation in patients, who 

have shown sustained clinical stability on the transmucosal formulations of BUP (Rosenthal, 

2019; Rosenthal et al., 2013). In this study, four 26 x 2.5 mm EVA polymer rods containing 80 

mg of BUP hydrochloride were implanted via a single insertion point into the subdermal space 

of the inner upper forearm to achieve a controlled release of BUP. A similar mechanism of 

formulating BUP is observed in ‘Probuphine®’ (Titan Pharmaceuticals, San Francisco) which 

is a marketed BUP containing subcutaneous implant (Barnwal et al., 2017; Ling et al., 2010; 

Rosenthal, 2019; Rosenthal et al., 2013). The implant eluted BUP in a controlled way for over 

a period of 6 months.  

 

Further, two randomized, double-blinded placebo-controlled multisite 24-week trials 

evaluating BUP implants were conducted by Ling et al. (2010) on participants with DSM-IV 

who were first clinically stabilized using 12 - 16 mg of sublingual BUP and did undergo 

standardized individual drug counselling. One hundred and sixty-two patients participated in 

the study where 108 participants received 4 BUP 80 mg implants, and 55 participants received 

4 placebo implants. It was noted that those who received BUP implant had twice the study 

completion rate as compared to those who received placebo implants i.e. 65.7% vs 30.9%. 

Additionally, the BUP implant group showed more urine negative samples of illicit opioids 

compared to the placebo implants i.e. 40.4% vs 20.8% (Ling et al., 2010). A second study 

conducted by Rosenthal et al. (2013) was also a 24-week double-blind, placebo-controlled 

trial with the same parameters as first study with the addition of open-label sublingual 

BUP/NLX tablets, where the safety and efficacy study were taken into consideration. The BUP 

implant evaluated in this study was found to be non-inferior as compared to sublingual 

BUP/NLX tablets on the percentage of urine samples negative for opioids. The study results 

noted that 50.2% patients had urine samples negative for opioids in the BUP implant group as 

compared to 55.1% patients in the sublingual BUP/NLX group proving both had similar 
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treatment efficacy (Rosenthal et al., 2013). 

 

Goonoo et al. (2014), has additionally described about ‘Prodetoxone®’ (Fidelity Capital, 

Russia) and ‘Wedgewood®’ (Wedgewood Pharmacy, America), naltrexone-containing 

hypodermic depot tablet implants which shows a sustained release drug profile because of 

their magnesium stearate matrix technology (Goonoo et al., 2014). Ramenskaya et al. (2005) 

has further reported a therapeutically significant naltrexone blood levels of 20 ng/mL from 

Prodetoxone® containing 1000 mg naltrexone over a period of 30 days via the high-

performance liquid chromatography (HPLC) analysis on 60 opioid dependent patient’s blood 

samples (Krupitsky et al., 2017; Ramenskaya et al., 2005). A 10-week randomized, double-

blind, placebo-controlled trial of Prodetoxone® was also performed by Tiihonen and co-

workers (Tiihonen et al., 2012) on 100 opioid dependent patients, where 50 patients received 

naltrexone implants and 50 patients received placebo. At the end of 10 weeks, the retention 

rate was 52% and 28% followed by 38% and 16% for drug free urine samples for the 

naltrexone group and placebo group respectively (Tiihonen et al., 2012). Furthermore, as 

described by Brewer (2002), the Wedgewood® implant showed blocking levels at 5 ng/mL for 

a period of 3 weeks after surgical insertion against a pure dose of 500 mg diamorphine 

(Brewer, 2002). Additionally, as per the clinical data obtained by Olsen et al. (2004) on 10 

opioid dependent patients, the Wedgewood® implant maintained 1 ng/mL of blood plasma 

naltrexone levels for a period of 55 (range 30 - 80) days indicating that the DDS helped in 

improving the residence time of naltrexone and making it more patient compliant (Olsen et al., 

2004). 

 

In a study undertaken by Dhowan et al. (2019), a simple, low-cost, minimally invasive closed 

loop automatic antidote delivery device (A2D2) i.e. a NLX containing subcutaneous implant 

(SI) for the potential treatment of opioid overdoses was developed. This system functioned by 

detecting overdose-induced respiratory failure, in response to which a large dose of NLX was 

released to counteract the effect of the opioid. The A2D2 SI shown in Figure 2.3a is fabricated 

using four commercially available and biocompatible components: a high-density polyethylene 

(HDPE) tube, a polytetrafluoroethylene (PTFE) ball seal, a stainless steel (SS) tube heating 

element, and a phase change material (PCM) designed to melt at 42 °C. The subcutaneously 

placed device can be activated for releasing NLX using a time varying magnetic field which 

can be generated from a wearable magnetic field generator (Figure 2.3b). Due to the 

oscillating magnetic field, induction heating of the SS tubes occurs, which melts the PCM and 

diffuses NLX, as represented in Figure 2.3c. In vitro evaluation studies of the developed 

system showed that A2D2 can release 1.9 mg of NLX within 60 seconds and up to 8.8 mg in 

600 seconds, displaying the effectiveness of the A2D2 DDS in administering NLX in opioid 
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overdose situations (Dhowan et al., 2019). 

 

 
Figure 2.3. Schematic representation of [a] the automatic antidote delivery device (A2D2) with 
all its components, [b] the wearable magnetic field generator used to stimulate the release of 
drug from the A2D2 subcutaneous implant (SI) and [c] how the drug is diffused out from the 
A2D2 SI when, time varying magnetic field is applied to the SI which allows the heating 
element to reach the melting temperature of PCM and drug is diffused. (Reproduced with 
permission from Dhowan et al. (2019), © 2019 Elsevier). 
 

2.2.1.1.3 Transdermal systems 
Extended-release transdermal DDSs like adhesive patches, microneedle (MN) patches and 

molecularly imprinted polymeric patches can provide a safe, convenient, effective, non-

invasive and patient compliant means of long-term direct systemic drug delivery via 

permeation across the layers of skin. Additionally, these transdermal DDSs have the benefit 

of bypassing first-pass metabolism, thus providing continuous delivery of drug over an 

extended period (Jeong et al., 2021; Karve et al., 2024). With the incorporation of these 

beneficial pharmacodynamic properties, the poor pharmacokinetics of opioid reversal agents 

can be overcome. In this section, the various extended-release transdermal DDSs for OUD 

treatment have been discussed. 

 

One such study by Tijani et al. focused on the design of a transdermal polymeric MN patch 

derived from PVP with delivery and pharmacokinetic properties useful in eliminating NLX’s 
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delivery limitations and making it comparable with the commercially marketed NLX products 

(Tijani et al., 2023). PVP is a biocompatible, non-toxic, temperature-resistant, chemically inert 

and water-soluble polymer, which in solution has good wetting properties providing excellent 

film forming properties for various DDSs including those for oral, topical, transdermal, and 

ocular administration (Borandeh et al., 2021; Kariduraganavar et al., 2014; Kurakula and Rao, 

2020). In this study, the polymeric MN patches were composed of varying dimensions i.e. 500 

µm; 100 array, 800 µm; 100 array and 600 µm; 225 array and loaded with NLX at a dosing 

strength of 17.89 ± 0.23 mg, 17.2 ± 0.77 mg, and 17.8 ± 1.01 mg, respectively. Using the 

thumb force technique and methylene blue dye on the porcine ear skin, the insertion efficiency 

of micro-needles was determined to be 94 ± 4.8%, 90.6 ± 1.69%, and 96 ± 1.29% for the 500 

µm ,800 µm and 600 µm patches respectively. Drug permeation across the porcine ear skin 

was further found to be 2.4%, 10% and 23% after 24 hours and a sustained drug release of 

40, 10 and 4 days was found for the 500, 800 and 600 µm MN formulations, respectively, 

which indicated the substantial enhancement in the release profile and residence time of NLX 

(Guarnieri et al., 2018; Tijani et al., 2023). 

 

Rahmani et al. (2021), further formulated a BUP-loaded PVA/PVP (BUP/PVA/PVP) nanofiber-

based transdermal DDS. The electrospinning technique was used for the fabrication of 

BUP/PVA/PVP nanofiber mats, with the average diameter and electrical conductivity of the 

nanofiber solution 104 nm and 1261 μsecond respectively. The viscosity, shear rate and 

contact angle of the nanofibers were found to be 119 Pa.second, 105 1/second and 70° 

respectively. In vitro drug release studies carried out on the BUP/PVA/PVP noted a cumulative 

sustained release of BUP over a period of 72 hours, which proved that this DDS helped in 

improvising the residence time and patient compliance of BUP (Rahmani et al., 2021). 

 

Budd and Collett (2003), additionally described about a BUP-loaded transdermal patch 

‘Transtec®’, first launched in Switzerland and Germany in 2001 and is now marketed all over 

Europe. The transdermal patch utilises the favourable pharmacokinetic properties of BUP and 

an adhesive matrix technology, where BUP was homogeneously incorporated in a solid 

polymer matrix of PAA-derived poly [acrylic acid-co-butyl-acrylate-co-(2-ethylhexyl) acrylate-

co-vinyl acetate] (5:15:75:5). PAA is a high molecular weight water-soluble polymer derived 

from the polymerization of acrylic acid monomers. The hydrophilic nature and cross-linked 

structure of PAA allows it to readily absorb water (pH-responsive) to form hydrogels, which 

makes them suitable for various controlled DDSs (Mastropietro et al., 2017; Pandey et al., 

2019; Ritthidej, 2011). In this study, the adhesive BUP patch was non-invasive and the 

polymer matrix along with the backing layer, which was made up of poly(ethylene-

terephthalate), helped in providing slow and continuous release of BUP into systemic 
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circulation. This matrix patch structure further avoided the risk of ‘dose-dumping’, which was 

found in older reservoir patch systems (Budd and Collett, 2003). The patch is now available 

in three different dosage strengths with total loading doses of 20 mg, 30 mg, and 40 mg 

designed to release BUP at a steady controlled rate of 35 µg/hour, 52.5 µg/hour, and 70 

µg/hour respectively, corresponding to a daily administered dose of 0.8 mg/day, 1.2 mg/day, 

and 1.6 mg/day, respectively (Likar, 2006).  

 

In the evaluation of Transtec® by Sittl (2003), pharmacokinetic studies showed that after single 

application of the patch, plasma levels of BUP continuously increased and reached the 

minimum effective concentration (MEC) after 24 hours, when using the 20 mg patch, and 12 

hours after using the 40 mg patch. The initial recommendation on dose maintenance was that 

each patch remains effective for 3 days (Sittl, 2003). However, as per an open, randomized 

cross-over-study in chronic pain patients, Likar et al. (2007) found that clinically effective 

plasma concentrations of all three i.e. 20 mg, 30 mg and 40 mg transdermal patches were 

reached after 24 hours and that these levels were maintained for 4 days throughout the 

application period, indicating that the patch can be used effectively over a period of 4 days 

(Likar et al., 2007). ‘Butrans®’ is also a BUP containing transdermal patch composed of 46.6 

mg BUP and is designed to deliver 5, 7.5, 10, 15 or 20 μg/hour of BUP. An aqueous solution 

of ethanol and propylene glycol solution, with trace amount of lauric acid is used in the 

transdermal formulation, which acts as a penetration enhancer (Lanier et al., 2008). HPC is 

also bound in the adhesive matrix of the microporous membrane and provides sustained 

release of BUP via diffusion into the systemic circulation. HPC is water-soluble cellulose ether 

polymer manufactured by reacting alkali cellulose with propylene oxide yielding a highly 

substituted cellulose ether making it available in different average molecular weights, which 

makes it suitable for formulating DDSs with different release profiles (Dürig and Karan, 2019).  

 

In another 10-day detoxification trial undertaken by Lanier et al. (2008), 9 opioid dependent 

patients were selected from whom blood samples were collected prior and after the application 

of transdermal patch for analysis of the levels and effectiveness of BUP. At the end of the 

study, it was concluded that the transdermal patch reduced the withdrawal symptoms within 

24 hours of the patch application and continued to decline thereafter. The patch was found to 

be safe, well tolerated and delivered a mean of 1.9 mg/day BUP over a period of 3 days. 

Additionally, a significant suppression of craving was maintained for a period of 7 days after 

the patch was removed suggesting the effectiveness of the transdermal patch (Lanier et al., 

2008, 2007). 
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2.2.1.2. DDSs for enhanced drug bioavailability 
The incorporation of nanotechnology to DDSs has played a vital role in enhancing 

bioavailability of therapeutic moieties across the BBB. Maximum bioavailability leads to 

increased residence time and therapeutic efficacy. Factors responsible for helping opioid 

reversal agents cross BBB include molecular weight (≤ 400 Dalton), size (nano meter range), 

morphology (spherical), ionization (physiological pH) and lipophilicity which are all provided 

by advanced DDSs (Satapathy et al., 2021; Teleanu et al., 2022). In this section, the various 

DDSs responsible for enhancing drugs bioavailability across the BBB have been discussed. 

 

2.2.1.2.1 Sublingual delivery 
Sublingual DDSs are used when a rapid onset of action is required and is associated with a 

better treatment efficacy, as the therapeutic moieties delivered via this DDS bypass first-pass 

metabolism providing an increased bioavailability at the site of action (Saha et al., 2017). This 

beneficial pharmacodynamic property has therefore been used for the effective administration 

of opioid reversal agents. Specifically, Silva et al. (2015), described a BUP and NLX containing 

sublingual film that works on the Pharmfilm® technology, as represented in Figure 2.4 (Silva 

et al., 2015). Pharmfilm® is a polymeric matrix based on HPMC and polyethylene oxide, which 

is related to rapid drug absorption and has a loading capacity up to 80 mg. HPMC which 

belongs to the group of cellulose ether derivatives is a hydrophilic (water soluble), 

biodegradable, and biocompatible polymer used to enhance the efficacy of active 

pharmaceutical ingredients in the controlled/sustained release DDSs (Deshmukh et al., 2017).  

 

A similar drug delivery mechanism of BUP and NLX is observed in ‘Suboxone® Sublingual 

Film’ (Reckitt Benckiser plc., England), which is a marketed sublingual film containing BUP 

and NLX. The film is available in four dosage strengths of BUP and NLX: 2/0.5 mg, 4/1 mg, 

8/2 mg and 12/3 mg and has been extensively evaluated clinically for OUD efficacy (Borges 

et al., 2015; Gupta et al., 2022; Silva et al., 2015). In a 12-week open-label study conducted 

by Sullivan and Webster, (2015) on 249 opioid-dependent patients, who were stabilized by 

8/2 to 32/8 mg/day of Suboxone® Sublingual tablets (SST) for approximately 30 days, the 

patients were converted to Suboxone® Sublingual Films (SSF) with 79.1% completing the 12-

week study. The results of the study noted that rates of constipation reported at baseline 

declined from 41% to 13% after 12 weeks of SSF treatment, while the Clinical Opiate 

Withdrawal Scale total ranging from 10 to 25 (overall mean, 13.8) within 24 hours of taking 

their last SST dose reduced to 0 to 3 (overall mean, 0.7) at 3 hours after the initial dose of 

SSF. Treatment compliance was additionally high for SSF and <1% of urine samples were 

BUP-free including 92.4% of SSF-treated subjects not having urine samples tested positive 

for any non-prescribed opioid. A total of 91.3% and 82.5% subjects rated the taste of SSF as 
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pleasant or neutral and the ease of use as easy or neutral respectively, suggesting that SSF 

DDS is an effective and patient compliant way of delivering NLX and BUP (Sullivan and 

Webster, 2015). 

 

 
Figure 2.4. Schematic representation of the Pharmfilm® technology used in the 
manufacturing of Suboxone® sublingual film (Adapted with permission from Gupta et al. 
(2021), © 2021 Elsevier). 
 

2.2.1.2.2 Intranasal formulations 
The delivery of nanotechnology through the nasal delivery route is one of the most significant 

DDS interventions for treating OUD as it allows for maximum bioavailability across the BBB 

(Kisku et al., 2024). In the study by Voronkov et al. (2022) and co-workers, a bio-reversible 

derivative of NLX i.e. NX-90 was synthesized to be administered intranasally to yield a robust 

reversal of fentanyl induced overdose (OD) in rats. NX-90 was synthesized using the 

esterification reaction, as shown in Figure 2.5a, and by using the radioligand binding assays 

and Chemaxon software, the lipophilicity of NX-90 was found to be higher in comparison to 

NLX and similar to fentanyl (Figure 2.5b). In vivo evaluation of the system was conducted on 

15 Wistar rats, where respiratory rate (RR), heart rate (HR) and body temperature (BT) were 

the primary parameters under observation along with secondary parameters like alertness 

(AN), astazia (AT), corneal reflex (CR), pinch reflex tail (PRT), pinch reflex toe (PRToe), 

righting reflex (Rref) and sternal recumbency (ST) were monitored. Doses of NLX 0.31 and 
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0.62 μmol/kg were administered in 2 groups and 0.31 and 0.62 μmol/kg of NX-90 in the other 

two groups of rats. As per the data represented in Figure 2.5c, all the monitored reflexes along 

with the heart rate (HR) and respiratory rate (RR) were completely restored faster in the NX-

90 groups compared to NLX groups on equimolar bases when administered intranasally. 

Additionally, in rats treated with NX-90, the RR over the observed period (RR AUC) was found 

to be significantly higher across all doses without the occurrence of any re-narcotization 

(Voronkov et al., 2022). 
 

 
Figure 2.5. [a] Schematic representation of the synthesis of NX-90 and NX-90 HCl. The 
reagents and rection conditions: (A) 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI), 
hexadienoic acid, 4-dimethylaminopyidine (DMAP), trimethylamine (Et3N), tetrahydrofuran 
(THF), 0 oC; (B) Hydrochloric acid (HCl) gas, methyl tertiary-butyl ether (MTBE), 0 oC. [b] 
Graphical representation of the comparison of lipophilicity between fentanyl, NLX (NX) and 
NX-90. [c] Graphical representation of the data obtained from the in vivo studies for the time 
consumed by NX (0.31 and 0.62 μmol/kg) and NX-90 (0.31 and 0.62 μmol/kg) to restore all 
the reflexes in rats. (Adapted with permission from Voronkov et al. (2022), © 2022 Elsevier). 
 
In another study by Hasan et al. (2021) and co-workers, a NLX containing SLN intranasal 

system was formulated for the reversal of opioid overdose. The preparation of NLX-SLN was 

done using the solvent evaporation method where glyceryl monostearate served as the solid 

lipid, pluronic F127 as the surfactant and tween 80 as the co-surfactant. The particle size, zeta 

potential and PDI of NLX-SLN was found to be 190.2 nm, -16 mV and 0.082 respectively. 

Additionally, the entrapment and loading efficiency of NLX-SLN was found to be 95 ± 0.53% 

and 19.08 ± 0.11% respectively. As per the in vitro and ex vivo studies carried out, an initial 
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burst release of NLX was found within 15 minutes followed by a sustained release of NLX over 

a period of 6 hours. Both the in vitro and ex vivo drug release profiles were found to follow the 

Higuchi model for drug release meaning NLX showed maximum entrapment and release via 

the diffusion mechanism from the SLN matrix. Additionally, the in vivo studies using Sprague 

Dawley rats were carried out where the pharmacokinetic properties i.e. Tmax, Cmax, AUC0-∞, T1/2 

and Ke were found to be 240 ± 2.1 minutes, 163.95 ± 2.64 ng/mL, 17.75 ± 1.08 ng·hour/mL, 

18.82 ± 2.51 ng·hour/mL, 70.71 ± 0.11 minutes and 0.098 ± 0.01 hour-1 respectively 

suggesting the effectiveness and potential of this DDS (Hasan et al., 2021). 

 
Various marketed products also exist for the treatment of opioid overdoses. Vitore et al. (2023) 

in their review described KLOXXADO®, NARCAN® and NYXOID® NLX-containing nasal 

sprays that are used in the emergency treatment of opioid overdose (Vitore et al., 2023). In 

Table 2.2, the pharmaceutical formulation and pharmacokinetic properties of all three nasal 

formulations have been described. 

 

Table 2.2. Pharmaceutical and pharmacokinetic properties of intranasal formulations of 
naloxone used in the clinical practice. (Adapted with permission from Vitore et al. (2023), © 
2023 Elsevier). 
Brand 
name 

KLOXXADO® NARCAN® NYXOID® 

    
Active 
ingredient 

NLX HCl NLX HCl 2H2O NLX HCl 
2H2O 

    
Excipients Dehydrated alcohol, 

Disodium 
ethylenediaminetetraacetate, 
Propylene glycol, Sodium 
hydroxide and Hydrochloric 
acid, Purified water. 

Benzalkonium chloride, 
Disodium 
ethylenediaminetetraacetate, 
Sodium chloride, 
Hydrochloric acid, Purified 
water. 

Trisodium 
citrate 
dihydrate, 
Sodium 
chloride, 
Sodium 
hydroxide 
and 
Hydrochloric 
acid, Purified 
water. 

    
Tmax (h) 0.25 0.50 0.50 
    
Dose Single dose container-one 

spray delivers 0.1 mL 
solution containing 8 mg of 
NLX HCl. 

Single dose container-one 
spray delivers 0.1 mL 
solution containing 4 mg NLX 
HCl 2H2O. 

Single dose 
container - 
one spray 
delivers 0.1 
mL solution 
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containing 2 
mg naloxone 
HCl 2H2O. 

 

From the above-mentioned extended-release and enhanced bioavailability DDSs for the 

treatment of OUD, it is clear that polymeric micro- and nano-particle-based DDSs, implantable 

devices and microencapsulation technologies play an important role in overcoming the poor 

pharmacokinetic properties of the drugs used for treating OUD i.e. residence time, 

combinational therapy, release profile and bioavailability. Additionally, advanced DDSs help 

in controlling the release of drugs, improving treatment efficacy, target specificity, minimizing 

side effects and enhancing patient compliance. 

 

2.3. Barriers to OUD treatment and future perspective 
The efficacy of the therapeutic agents used in the treatment of OUD, are impacted by their 

poor bioavailability, the effects of first-pass metabolism, limited amounts of drug reaching the 

brain due to the BBB and a decreased residence time (Bell and Strang, 2020; Cao et al., 

2023). The mentioned barriers can be overcome by the incorporation of advanced DDSs to 

enhance the effectiveness and patient compliance of opioid reversal agents. The polymer-

based DDSs provide excellent targeting properties, biocompatibility and biodegradability with 

low toxicity. It also helps with designing novel biomaterial-mediated DDSs, which provide 

increased stability, higher drug-encapsulation with a better loading efficiency and a lower 

leakage of drugs. Additionally, numerous polymers because of their flexible physicochemical 

and pharmacokinetic properties play an integral part in enhancing the pharmacokinetic nature 

of drugs, including the residence and release rate of the drugs (Iravani and Varma, 2022; 

Sharma, 2024; Shi et al., 2024).  

 

The route of administration i.e. implants, and injectables/depots are routes feasible for 

overcoming the lack in pharmacokinetic properties i.e. first pass metabolism and poor 

bioavailability of drugs that are used in OUD treatment and opioid overdose but in certain 

emergency situations, they are not patient compliant. On the other hand, the intranasal and 

transdermal routes along with the polymeric systems are an attractive approach for systemic 

drug delivery in the treatment of medical emergencies and long-term treatment options 

including being more patient compliant. The intranasal route acts as a feasible alternative to 

other modes of administration but, on the other hand, may also have challenges including 

rapid mucociliary clearance rate, non-uniform drug deposition at the targeted absorption site 

and volume limitation are encountered during intranasal formulation development. With the 

incorporation of novel excipients and polymers, all the above-mentioned challenges can be 
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overcome and made available in clinical practices. In addition, with the availability of modified 

intranasal DDSs, the pharmacokinetic properties i.e. release, residence time and 

bioavailability profiles of the drugs can be improvised as well as enhanced patient compliance 

and adherence to treatment (Chen et al., 2024; Garg, 2024; Ghosh et al., 2024; Govender et 

al., 2023; Qianqian Huang et al., 2024; Karve et al., 2024). 

 

2.4. Conclusions 
In this review various DDSs have been described for the target delivery of drugs to treat OUD 

in this rapidly evolving field. The poor bioavailability, effects of first-pass metabolism, limited 

amounts of drug reaching the brain due to the BBB and a decreased residence time are some 

of the poor pharmacokinetic properties of the therapeutic moieties which are a barrier to 

effective treatment outcomes. The current research demonstrates that novel DDSs give a 

positive enhancement to these drugs pharmacokinetic properties with minimum side effects. 

However, when it comes to the pharmacokinetic and pharmacodynamic properties of the 

drugs along with patients’ compliance there is still some room for improvement, which can be 

achieved by integrating the pharmacological advancements with novel pharmaceutical 

strategies and innovative ideas. 

 
 



CHAPTER 3 
THE DEDIGN OF SUSTAINED-RELEASE NALOXONE-LOADED SOLID LIPID 

NANOPARTICLES FOR THE TREATMENT OF OPIOID USE DISORDER 

________________________________________ 
 

3.1 Introduction 
The application of nanotechnology in both the therapeutic and diagnostic fields has emerged 

as a promising tool to improve the outcomes for many unaccommodating cardiovascular, 

cancerous, neurodegenerative and respiratory diseases and disorders (Kim et al., 2010; Omer 

et al., 2020). This is due to the relatively smaller volumes and higher surface area of 

nanosystems which have enabled it to provide reticuloendothelial system (RES) bypass and 

targeted delivery along with increased bioavailability of active pharmaceutical ingredients 

(APIs) at the site of action (Albanese et al., 2012; Alexis et al., 2008; Omer et al., 2020). 

 

The BBB is responsible for protecting and maintaining homeostasis of the brain and is a 

significant barrier to the targeted delivery of majority of the APIs (Govender et al., 2023; 

Satapathy et al., 2021). Factors responsible for helping APIs cross the BBB include molecular 

weight (≤ 400 Dalton), size (nanometer range), morphology (spherical), ionization 

(physiological pH) and lipophilicity (Huang et al., 2024; Jeong et al., 2023; Satapathy et al., 

2021). Therefore, the emergence of nanotechnology has played a significant role in delivering 

drugs across the BBB for several neuropathological conditions (Garg, 2024).  

 

As per Herlinger et al., OUD is a chronic and relapsing disorder of the brain caused by the 

repeated exposure of exogenous opioids (Herlinger and Lingford‐Hughes, 2022). NLX, an 

opioid antagonist primarily administered intravenously (IV), intramuscularly (IM), 

subcutaneously (SC) and intranasally (IN) is a breakthrough therapeutic agent in the treatment 

of OUD and opioid overdose (Tijani et al., 2022). NLX when administered IV provides an 

immediate mode of action within 2 minutes but has a rapid clearance rate and short plasma 

half-life of approximately 30-81 minutes (Gupta et al., 2016; Papich and Narayan, 2022). 

Furthermore, a study conducted by Hussain et al., evidenced that when NLX is administered 

IN it showed a 101% more bioavailability, when compared to IV administration (Hussain et al., 

1984; Vitore et al., 2023). Thereby, with the incorporation of nanotechnology and alternation 

in delivery routes, the pharmacokinetic and pharmacodynamic properties of NLX can be 

enhanced. 
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Nanoencapsulation of APIs in envelopes of biodegradable polymer has become a well-

established technology for sustained or controlled release drug delivery, which has been given 

marketing approval by the FDA (Benéitez et al., 2014; De Oliveira Junior et al., 2019). 

Polycaprolactone (PCL) is an example of such polymer and is a FDA approved non-toxic, 

hydrophobic aliphatic polyester which undergoes biodegradation by hydrolysis. PCL is 

available in different molecular weights; thus, providing diverse degradation rates resulting in 

varying release profiles (Dash and Konkimalla, 2012; Pawar et al., 2023). Specifically, the 

successful entrapment of numerous APIs such as anti-cancer drugs, anti-inflammatories, anti-

infective agents, proteins and psychotropic agents in PCL-based nanotechnology has led to 

improved therapeutic efficacy of these APIs (Govender et al., 2015; Pawar et al., 2023). Thus, 

the incorporation of PCL in a NLX-loaded DDS has the potential to improve the 

pharmacokinetic properties of NLX. 

 

SLNs introduced in 1991 have emerged as a carrier system that can deliver APIs across the 

BBB with a novel controlled or sustained drug delivery approach, target specificity, higher 

bioavailability, enhanced efficacy and reduced toxicity (Bukke et al., 2024; Schwarz et al., 

1994; Yasir and Sara, 2014). The presence of a biocompatible lipid or modified lipid 

(triglycerides, fatty acids, or waxes) core helps in the encapsulation of both hydrophilic and 

lipophilic APIs and provides stability by prohibiting leakage and degradation (chemical, 

oxidative, and photochemical degradation) of APIs (Kaur et al., 2008; Mishra et al., 2018; 

Satapathy et al., 2021). Additionally, SLNs can bypass the RES and provide an easy and cost-

effective scale up, as represented in Figure 3.1 (Pardridge, 2012; Reddy et al., 2014; 

Satapathy et al., 2021). This chapter provides for the design, synthesis and optimization of 

sustained-release NLX-loaded polymeric SLNs for the management of OUD with the aim of 

providing better therapeutic efficacy through reduced dosing frequency, reduced dosage 

strength and improved bioavailability. This system is envisioned to release NLX at the target 

site for a longer duration thereby improving therapeutic outcomes and patient compliance. 

Additionally provided in this chapter is a Box Behnken Design (BBD) experiment aided in 

optimizing the critical material attributes (CMA) and critical process parameters (CPP) mainly 

related to the material and process respectively, which were a part of the critical quality 

attributes (CQA) that are important for the performance of the NLX-loaded SLNs (Hasan et 

al., 2021). Thereafter, the optimized NLX-loaded SLNs were characterized for their 

physicochemical properties such as particle size, potential, PDI, surface morphology, 

%encapsulation, release profile, thermal behavior and lastly biocompatibility studies using the 

HEK293 cell line. 
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Figure 3.1. Representation of the several advantages offered by modified or polymeric SLNs 
such as compatibility in encapsulating both hydrophilic and hydrophobic drugs, bypassing the 
RES system, improving bioavailability across BBB, achieving the desired controlled drug 
release profile, possessing easy and cost-effective scale up properties and reducing systemic 
toxicity by enhancing target specificity (Reproduced with permission from Satapathy et al. 
(2021), © 2021 by the authors). 
 

3.2 Materials and methods 
3.2.1 Materials 
Glyceryl Monostearate (GMS), Tween 80, Pluronic F-127 (Pf-127), polycaprolactone (Avg. 

Mw = 14 000) (PCL), dichloromethane (DCM), ethanol (99%), dimethyl sulfoxide (DMSO) and 

the (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) (MTT) assay kit were 

purchased from Sigma-Aldrich (St. Louis, Missouri, USA), Naloxone hydrochloride dihydrate 

(NLX) from Leap Chem (Hangzhou, China), Dulbecco's Modified Eagle Medium (DMEM), 

Fetal Bovine Serum (FBS), penicillin-streptomycin (Pen-Strep) antibiotic solution and 

Dulbecco's phosphate-buffered saline (DPBS) from ThermoFisher Scientific (Randburg, 

South Africa) and Human embryonic kidney (HEK293) cells from American Type Culture 

Collection (ATCC, LGC-Standards, South Africa). All other chemicals were of analytical grade 

and used as received. 
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3.2.2 Preparation of the NLX-loaded SLNs 

The NLX-loaded SLNs were formulated using the modified double emulsification technique as 

represented in Figure 3.2. Briefly, NLX was dissolved in ethanol using a bath sonicator (Beijing 

Ultrasonic Co., Ltd., Mainland, China) for 2 minutes at 40 °C, followed by the dissolution of 

PCL in DCM. The PCL solution was then added to the NLX solution under probe sonication 

(Sonics, Ultrasonic Processor, VCX130, Newtown, CT, USA), at 40% amplitude, 1.5 million 

joules and 1 minute, forming organic phase 1 (ORP1), with Pf-127 as a surfactant and tween 

80 as co-surfactant added to water, forming the aqueous phase. ORP1 was then added to the 

aqueous phase under probe sonication (40% amplitude, 1.5 million joules and 8.5 minutes) to 

form emulsion 1 (EM1), with GMS dissolved in DCM to form organic phase 2 (ORP2). ORP2 

was then added to EM1 and rotary evaporated (175 mbar, 30 minutes) to remove all the 

organic solvents and form EM2 containing the SLNs. The SLNs were thereafter separated 

from EM2 by centrifugation (Eppendorf AG, Barkhausenweg 1, 22339 Hamburg, Germany) at 

10,000 RPM for 35 minutes at 4 °C, followed by the re-dispersion of the collected SLNs in 

Milli-Q distilled water (Merck Chemicals GmbH, Darmstadt, Germany). The SLNs were 

subsequently freeze dried using a lyophilizer (Labconco FreeZone 12 Console Freeze Dry, 

Kansas City, USA) for 17 hours to obtain dry SLNs powder. 

 

 
Figure 3.2. Representation of the preparation of unloaded and NLX-loaded SLNs using the 
modified double emulsification technique. 
 

3.2.3 Statistical Optimization of the NLX-loaded SLNs 

3.2.3.1 Construction of the BBD 
A BBD (MINITAB®, V15, Minitab, USA) was used for the optimization of the formulated NLX-

loaded SLNs as it allowed for quality predictions over a wide range of factors and is highly 
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time saving, as well as cost effective, and requires a smaller number of experimental trials to 

produce a higher order of response (Hasan et al., 2021). For the NLX-loaded SLNs, the 

independent variables were selected as: Lipid (GMS) concentration, Polymer (PCL) 

concentration and Surfactant/co-surfactant (Pf-127:Tween 80 = 5:1) concentration, whereas 

the dependent responses included particle size, entrapment efficacy and maximum drug 

release time. 

 
3.2.3.2 Determination of BBD lower and upper limits of independent variables 
Higher value (+1) and lower value (-1) of the independent variables were selected based on 

the particle size, zeta potential, PDI, entrapment efficiency (%EE) and maximum drug release 

during preliminary studies (Table 3.1) after which, the software automatically selected the 

middle value (0) and generated different combinations with the higher value (+1), middle value 

(0) and lower value (-1), as represented in Table 3.2. The ranges identified were based on the 

optimum size for the SLNs to cross the BBB ranges (between 40-200 nm), a zeta potential 

ranging between -15 to -30 mV for preventing the SLNs undergoing agglomeration, an 

entrapment efficiency of >70% for maximum NLX to reach the site of action and a maximum 

drug release for increased residence time along with a greater potential for patient compliance 

(Neves et al., 2015; Xinchen et al., 2023). 

 

Table 3.1. The lower and upper limits of NLX-loaded SLNs independent variables are 
tabulated as Lipid (GMS) concentration, Polymer (PCL) concentration and Surfactant (Pf-
127:Tween 80) concentration. 

Factor Coded level 
Independent variables -1 0 +1 

F1: Lipid concentration (GMS) 

(mg/mL) 

4 7.5 11 

F2: Polymer concentration 

(PCL) (mg/mL) 

6 13 20 

F3: Surfactant concentration 

(mg/mL) 

5 12.5 20 

 

Table 3.2. The 15- NLX-loaded SLNs formulations generated using the BBD. 
Run F1: GMS (mg/10mL) F2: PCL (mg/5mL) F3: Surfactant (mg/10mL) 

1 110 100 125 

2 75 65 125 

3 110 65 200 

4 40 65 200 
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5 110 30 125 

6 75 30 200 

7 110 65 50 

8 75 65 125 

9 75 30 50 

10 75 100 50 

11 40 65 50 

12 40 30 125 

13 75 65 125 

14 75 100 200 

15 40 100 125 

 

3.2.3.3 Preparation of the BBD formulations 
Using the modified double emulsification technique, as represented in 3.2.2, the formulations 

mentioned in Table 3.2 were formulated and analyzed for particle size, %EE and maximum 

drug release. 

 

3.2.3.3.1 Determination of particle size for the generated BBD formulations 
The dynamic light scattering (DLS) technique of the Zeta-Sizer Nano-ZS (Malvern 

Instruments, Malvern, UK) was used for the determination of particle size of the NLX-loaded 

SLNs at a set instrumental temperature of 25 ± 1 °C (n = 3). The freeze dried NLX-loaded 

SLNs were redispersed using Milli-Q distilled water prior to screening for their particle size 

ranging between 40-200 nm (Xinchen et al., 2023). 

 

3.2.3.3.2 Determination of %EE for the generated BBD formulations 
Prior to the evaluation of the %EE for the generated BBD formulations, a UV/Vis-

spectrophotometer (Lambda 25, PerkinElmer, MA, USA) was used for the construction of a 

calibration curve i.e. a relation between concentration and absorbance of NLX (Figure 3.3) in 

phosphate buffer saline (PBS) solution. The lambda-max (λ-max) for NLX was confirmed at 

280 nm by employing a full UV/Vis-spectrophotometry analysis, which falls in line with the 

findings by Hasan et al. (2021). Various concentrations of NLX i.e. 0 - 100 μg/mL were 

analyzed on the UV/Vis-spectrophotometer at 280 nm to obtain the absorbance values of the 

respective concentrations for the quantification of NLX. 
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Figure 3.3. Representation of the calibration curve obtained for NLX. 
 

The indirect method (n = 3) was used for the determination of %EE of NLX in the BBD NLX-

loaded SLNs formulations as outlined by Joshi et al. (2012). The concentration of unentrapped 

NLX in aqueous phase of prepared NLX-loaded SLNs dispersion was calculated by separating 

the prepared NLX-loaded SLNs from the dispersion by ultracentrifugation. After centrifugation, 

the supernatant of the NLX-loaded SLNs dispersion was collected and the free NLX present 

in the supernatant was determined at 280 nm using the UV/Vis-spectrophotometer. The %EE 

was calculated using Equation 3.1: 

 

%𝐸𝐸𝐸𝐸 =  𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑚𝑚𝑚𝑚)−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑚𝑚𝑚𝑚)
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑚𝑚𝑚𝑚) × 100  (Equation 3.1) 

 

Where, initial weight means the amount of NLX used to prepare the NLX-loaded SLNs and 

free drug means the amount of free NLX detected in the supernatant of NLX-loaded SLNs 

dispersion after centrifugation. 
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3.2.3.3.3 Determination of maximum drug release for the generated BBD formulations 
Drug release studies (n = 3) on NLX-loaded SLNs was undertaken using the dialysis bag 

diffusion method as described by Onugwu et al. (2022). Briefly, NLX-loaded SLNs equivalent 

to 2.5 mg NLX was re-dispersed in 4 mL PBS (pH 7.2 - 7.4, simulating the pH of cerebrospinal 

fluid) solution and placed inside a dialysis membrane bag (molecular weight: 12,000 Dalton). 

The filled dialysis bag was then immersed into PBS (pH 7.2 - 7.4, 100 mL) solution and kept 

in an orbital shaker maintained at 25 rpm (37 ± 0.5 °C). Samples (3 mL) were withdrawn at 

predetermined time intervals i.e. 0, 1, 3, 6, 12, 24 hours followed by 2, 3, 4, 5, 6, 7, 8, 9, 10 

days respectively, with 3 mL of freshly prepared PBS solution added to the release media after 

each sampling point to maintain sink conditions. The concentration of NLX released from the 

formulated NLX-loaded SLNs was thereafter calculated using the constructed calibration 

curve after analysis of the drug release samples at 280 nm using the UV/Vis 

spectrophotometer. 

 

3.2.3.4 Optimization process of the dependent variables 
Based on the BBD formulation results, the desired particle size, %EE and maximum drug 

release criteria were selected to optimize the SLNs for intranasal delivery of NLX which are 

represented in Table 3.3. 

 

Table 3.3. The desired particle size, %EE and maximum drug release for the optimized NLX-
loaded SLNs. 

Dependent variables Constraints 
R1: Particle Size (nm) 150 nm 

R2: EE (%) Maximum 

R3: Maximum Drug Release 

(days) 

7 days 

 

3.2.3.5 Characterization of the optimized NLX-loaded SLNs 

3.2.3.5.1 Evaluation of the particle size, polydispersity index, zeta potential and surface 
morphology 

The DLS technique of the Zeta-Sizer Nano-ZS as mentioned in 3.2.3.3.1 was used for the 

determination of particle size and polydispersity index (PDI) of the unloaded and NLX-loaded 

SLNs (n = 3). The zeta potential was determined using the Zeta-Sizer Nano-ZS instrument at 

a set temperature of 25 ± 1 °C. The SLNs were screened for particle size ranging between 

40-200 nm, a PDI of ≤ 0.3 and a zeta potential of -15 to -30 mV (Xinchen et al., 2023). The 

particle shape and surface morphology of the formulated unloaded and NLX-loaded SLNs 

were further determined using a Scanning Electron Microscope (SEM) (Zeiss, Jena, 
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Germany). For the analysis, both the freeze-dried unloaded and NLX-loaded SLNs were 

redispersed using the Milli-Q distilled water followed by placing droplets of both the SLNs 

dispersion on individual aluminum stubs and allowing to dry overnight. Prior to capturing the 

SEM images for surface morphology, both SLNs were double-coated with gold-palladium (Ag-

Pd) under vacuum using a sputter coater in order to induce induction. 

 

3.2.3.5.2 Determination of the %EE and loading capacity 

The indirect method (n = 3) as mentioned in 3.2.3.3.2 was used for the determination of %EE 

and loading capacity (%LC) of NLX in the optimized NLX-loaded SLNs formulation. The %EE 

and %LC were calculated using Equations 3.1 and 3.2 respectively. 

 

%𝐿𝐿𝐿𝐿 =  𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑚𝑚𝑚𝑚)−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑚𝑚𝑚𝑚)
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 (𝑚𝑚𝑚𝑚) × 100  (Equation 3.2) 

 

Where, nanoparticles weight is the weight of NLX-loaded SLNs obtained after freeze drying. 

 

3.2.3.5.3 In vitro drug release of the formulated SLNs 

In vitro drug release studies (n = 3) on the optimized NLX-loaded SLNs was undertaken using 

the dialysis bag diffusion method as mentioned in 3.2.3.3.3. Additionally, several kinetic 

models such as Zero order, First order, Higuchi, Korsmeyer-Peppas and Hixson-Crowel 

models were employed to analyze the NLX release kinetic pattern from the optimized NLX-

loaded SLNs using the DDSolver (Version 1.0) software. 

 

3.2.3.5.4 Molecular structure assessment 
All the starting materials used for formulating the SLNs including for both the freeze-dried 

unloaded and NLX-loaded SLNs were analyzed for the molecular transitions and interactions 

using a PerkinElmer ATR-FTIR (Spectrum 2000, Waltham, MA, USA) fitted with a single 

reflection diamond MIRTGS detector. A constant pressure of 110 psi, wavelength range of 

4000-650 cm-1 and a resolution of 4 cm-1 were used to obtain the FTIR spectra. 

 

3.2.3.5.5 Determination of thermal characteristics 

All starting materials used for formulating the SLNs including for both the freeze-dried 

unloaded and NLX-loaded SLNs were analyzed for their thermal properties using a Differential 

Scanning Calorimeter (DSC) (Mettler Toledo DSC, STARe system, Schwerzenback, 

Switzerland). For the analysis, approx. 3 - 8 mg of solid/lyophilized samples are weighed into 

the aluminum crucibles and sealed. While sealing the crucible a small hole was pierced using 

a needle for the dissipation of pressure. An inert atmosphere was thereafter created in the 



41 
 

DSC using nitrogen gas i.e. 20 mL/minute with the samples heated over a range of 0-400 °C 

at a rate of 5 °C/minute. Evaluation of the thermally induced phase transitions of the samples 

involved plotting of thermograms as a function of heat flow against temperature. 

 

3.2.3.5.6 Determination of the SLNs degradation rate 

The thermal degradation temperatures of all the starting materials used for formulating the 

SLNs including for both the freeze-dried unloaded and NLX-loaded SLNs were determined 

using a Thermogravimetric Analyzer (TGA) (PerkinElmer, TGA 4000, Llantrisant, Wales, UK). 

The analysis process used included an inert atmosphere being created in the TGA using 

nitrogen gas i.e. 20 mL/minute, with the samples heated over a range of 30-600 °C at a rate 

of 5 °C/minute. Thermograms were plotted as percentage weight against temperature for 

analyzing the thermal degradation of the samples. 

 

3.2.4 Cell culture and cytotoxicity studies 

3.2.4.1 Cell culture 
The HEK293 cells used for the cytotoxicity studies were maintained in a supplemented 

medium consisting of DMEM, 10% heat-inactivated FBS and 1% Pen-Strep antibiotic solution, 

with all cultures seeded into flasks containing supplemented medium and maintained at 37 °C 

in a humidified atmosphere of 5% CO2 and 95% air. For the assays, HEK293 cells were sub-

cultured in 96-well plates at a seeding density of 1 x 104 cells per well (90 μL). The treatments, 

i.e. NLX, unloaded SLNs and NLX-loaded SLNs were thereafter prepared in serial dilutions 

using DPBS. 

 
3.2.4.2 Cytotoxicity studies using MTT assay kit 
Cell viability, through the determination of mitochondrial activity of living cells, was measured 

by quantitative colorimetric assay (n = 3) using MTT. Briefly, 10 µL of the MTT labelling reagent 

was added to each well of the treated cell culture and incubated at 37 °C with 5% CO2 and 

95% air for a period of 4 hours where, metabolically active cells convert the yellow MTT 

tetrazolium crystals to a purple formazan crystal. Thereafter, 90 µL of solubilizing buffer 

reagent was added to each well and incubated overnight for further dissolution of formazan 

crystals. The supplemented media containing untreated seeded cells were used as positive 

control with DMSO treated cells serving as the negative control. A multimodal micro plate 

reader (Victor X3, manufactured by Perkin Elmer in Waltham, MA, USA) at 570 nm was used 

to quantify the absorbance values of the treated plates, with all samples evaluated in triplicate. 

Using the absorbance values obtained, the relative cell viability was calculated using Equation 

3.3. 
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100  (Equation 3.3) 

 
3.2.5 Statistical analysis 
All the above-mentioned analyses were conducted in triplicate (n = 3) with Microsoft Excel 

used to express the mean and standard deviation of the obtained results. p-values of less than 

0.05 (p < 0.05) were considered as an indication of statistically significant differences. 

OriginPro 2025 was used for the graphical representation of all results obtained. 

 

3.3 Results and discussion 
3.3.1 Statistical optimization using BBD 
3.3.1.1 Determination of the lower and upper limits of the independent variable 
The preliminary concentrations of GMS and Surfactant were taken into consideration as 

reported by Hasan et al. and the concentrations of PCL as reported by Omer et al (Hasan et 

al., 2021; Omer et al., 2020). From the results obtained by formulating the preliminary 

formulations, as mentioned in Table 3.4, the lower and upper limits of the independent 

variables were selected. 

 

From the preliminary analysis of the results obtained, it was determined that when GMS 

concentration was below 4 mg/mL the particle size, PDI and zeta potential were not within the 

desired target. Similarly, the concentrations above 11 mg/mL the PDI, zeta potential and %EE 

were not within the desired range. Thus, concluding the lower and upper limits of GMS to be 

4 and 11 mg/mL, respectively, as the concentration of GMS affected the PDI, zeta potential 

and %EE of the SLNs. In the case of the Surfactant, the concentrations below 5 mg/mL and 

above 20 mg/mL affected the particle size as the SLNs were not close to the target range. 

Thus, the lower and upper limits of Surfactant were selected as 5 and 20 mg/mL, respectively. 

PCL, similarly, had a major effect on the release profile of NLX from the NLX-loaded SLNs. 

The lower and upper limits of PCL were selected to be 6 and 20 mg/mL respectively, as the 

release profile for combinations below 6 mg/mL and above 20 mg/mL were not within the 

target range. 
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Table 3.4. Preliminary formulations determining the lower and upper limits of the independent 
variable for NLX-loaded SLN (n = 3). 

 Independent Variables Dependent Variables/Responses 

RUN 
GMS 

(mg/10mL) 
PCL 

(mg/5mL) 
Surfactant 
(mg/10mL) 

Particle 
Size 

PDI 
Zeta 

Potential 
%EE 

Maximum 
Drug 

Release 

1 60 50 110 

169.3 

± 

4.87 

0.192 

± 

0.007 

-17.2 

± 

0.82 

42.1 

± 

0.62 

5 

2 40 50 110 

170.4 

± 

2.82 

0.167 

± 

0.005 

-14.2 

± 

1.11 

48 

± 

1.38 

5 

3 20 50 110 

201.3 

± 

3.49 

0.276 

± 

0.007 

-10.1 

± 

1.00 

49 

± 

1.11 

5 

4 110 50 110 

97.4 

± 

1.88 

0.350 

± 

0.006 

-29.4 

± 

0.65 

34 

± 

1.35 

5 

5 130 50 110 

104.8 

± 

2.15 

0.391 

± 

0.004 

-35.33 

± 

0.94 

33 

± 

1.60 

6 

6 60 30 110 

138.2 

± 

1.76 

0.211 

± 

0.005 

-15.57 

± 

1.16 

41 

± 

1.21 

3 

7 60 20 110 

124.8 

± 

1.76 

0.244 

± 

0.008 

-11 

± 

0.6 

42 

± 

0.91 

2 

8 60 100 110 

170.1 

± 

1.75 

0.291 

± 

0.006 

-19.27 

± 

0.74 

40 

± 

0.79 

9 

9 60 120 110 

190.2 

± 

2.06 

0.365 

± 

0.009 

-20 

± 

0.4 

42 

± 

1.56 

10 

10 60 50 50 

109.2 

± 

1.3 

0.180 

± 

0.006 

-17.27 

± 

1.12 

55 

± 

0.4 

5 

11 60 50 30 

75.8 

± 

2.12 

0.172 

± 

0.005 

-18.1 

± 

0.75 

57 

± 

0.49 

5 

12 60 50 200 199.2 0.264 -18.87 58 5 
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± 

3.47 

± 

0.006 

± 

0.91 

± 

0.58 

13 60 50 220 

265.1 

± 

3.37 

0.283 

± 

0.007 

-18.17 

± 

1.06 

57 

± 

1.06 

5 

 

3.3.1.2 Formulation optimization using BBD strategy 
With the incorporation of the lower and upper limits of independent variables into the BBD 

software, a total of 15 experimental runs were generated for the determination of effects of the 

varying concentrations of lipids, polymers and surfactants on particle size, %EE and maximum 

drug release. Therefore, these generated runs (Table 3.5) were formulated and analyzed in 

triplicate. 

 
Table 3.5. Summary of the responses observed from the formulations generated by the BBD 
for the optimization of the NLX-loaded SLNs (n = 3). 

Run R1: Particle Size (nm) R2: EE (%) 
R3: Maximum Drug Release 

(Days) 
1 107,1 ± 3.22 36.00 ± 1.32 9 

2 118.7 ± 2.97 35.24 ± 1.36 7 

3 108.9 ± 2.23 68.96 ± 1.93 7 

4 142.2 ± 2.28 33.97 ± 1.4 7 

5 156.7 ± 5.64 58.00 ± 1.99 5 

6 111.5 ± 1.65 44.19 ± 1.35 6 

7 105.1 ± 2.16 39.32 ± 2.43 7 

8 116.0 ± 2.35 33.43 ± 2.27 7 

9 110.2 ± 1.13 62.85 ± 1.89 6 

10 88.94 ± 2.54 60.59 ± 1.84 8 

11 106.9 ± 1.9 78.73 ± 1.16 7 

12 151.9 ± 1.21 59.09 ± 1.28 6 

13 128.4 ± 1.47 30.16 ± 1.78 7 

14 123.9 ± 2.86 28.13 ± 2.11 9 

15 234.2 ± 0.69 60.74 ± 1.49 8 

 
3.3.1.2.1 Effect of independent variables on dependent variable particle size 
The particle size ranging between 40-200 nm for nanocarriers is considered to be the optimum 

size for crossing the BBB, especially for nose-to-brain DDSs (Xinchen et al., 2023). The 

Equation 3.4 obtained from the BBD for particle size showed both positive and negative effects 

of independent variables on dependent variables which are graphically represented in Figure 
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3.4. Additionally, the R2 and R2 (adj) had a difference of 12.9% (0.12) which is less than 20% 

(0.2) indicating that the adopted model was significant (Takalani et al., 2024). 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = +96.4073− 1.38639 𝐺𝐺𝐺𝐺𝐺𝐺 − 0,134184 𝑃𝑃𝑃𝑃𝑃𝑃 +
1,46595 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 0,0196939 𝐺𝐺𝐺𝐺𝐺𝐺 ∗ 𝐺𝐺𝐺𝐺𝐺𝐺 +
0,0141837 𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 − 0,00526667 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 0,0269388 𝐺𝐺𝐺𝐺𝐺𝐺 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 − 0,00304762 𝐺𝐺𝐺𝐺𝐺𝐺 ∗
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 0,00314286 𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

(Equation 
3.4) 

 

The negative values of GMS (-1.38639), PCL (-0.134184) and interaction between GMS*PCL 

(-0.0269388) showed the negative effect on particle size. The higher value of coefficient 

variable of Surfactant (+1.46595) as compared to GMS and PCL, showed that Surfactant had 

a more prominent and positive effect on particle size. Initially, with the increase in Surfactant 

concentration, particle size increased but after reaching a certain concentration, the size 

started decreasing which can be observed from the contour plots represented in Figure 3.4. 

Resultantly, the particle sizes ranged from 88.94 to 234.2 nm for the 15 formulations obtained 

from the BBD which is represented in Figure 3.5. 

 

 
Figure 3.4. Effect of independent variables i.e. GMS, PCL and Surfactant on dependent 
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variable i.e. particle size represented in (a), (b) and (c) whereas the estimated regression 
coefficients for particle size is represented in (d). 
 

 
Figure 3.5. Representation of various particle sizes obtained from the BBD formulations (n = 

3). 

 

3.3.1.2.2 Effect of independent variables on dependent variable %EE 
The maximum %EE of NLX nanocarriers is considered optimum as the maximum amount of 

NLX concentration is required at the site of action for therapeutic efficacy. Equation 3.5 

obtained from the BBD for %EE showed both positive and negative effects of the independent 

variables on the dependent variables, which are graphically represented in Figure 3.6. 

Additionally, the R2 and R2 (adj) had a difference of 11.5% (0.115) which is less than 20% 

(0.2) indicating that the adopted model was significant (Takalani et al., 2024). 

 

%𝐸𝐸𝐸𝐸 = +207,987− 2,34320 𝐺𝐺𝐺𝐺𝐺𝐺 − 0,362245 𝑃𝑃𝑃𝑃𝑃𝑃 −
0,962646 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 0,0111565 𝐺𝐺𝐺𝐺𝐺𝐺 ∗ 𝐺𝐺𝐺𝐺𝐺𝐺 +
0,00585034 𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 + 0,00162963 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 0,00489796 𝐺𝐺𝐺𝐺𝐺𝐺 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 + 0,00704762 𝐺𝐺𝐺𝐺𝐺𝐺 ∗
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 0,00133333 𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

(Equation 
3.5) 

 



47 
 

The negative values of GMS (-2.34320), PCL (-0.362245) and Surfactant (-0.962646) showed 

negative effect on %EE indicating lower the concentrations of independent variables higher 

will be the %EE. As GMS has a higher coefficient variable compared to PCL and Surfactant, 

it has more prominent effect. Additionally, from the contour plots observed in Figure 3.6, it can 

be stated that with the decreasing concentration of GMS, the %EE of NLX-loaded SLNs can 

be increased. Therefore, %EE ranged between 28.13 to 78.73% for the 15 formulations 

obtained from the BBD, which is represented in Figure 3.7. 

 

 
Figure 3.6. Effect of independent variables i.e. GMS, PCL and Surfactant on dependent 
variable i.e. %EE represented in (a), (b) and (c) whereas the estimated regression coefficients 
for %EE is represented in (d). 
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Figure 3.7. Representation of various %EE obtained from the BBD formulations (n = 3). 

 

3.3.1.2.3 Effect of independent variables on dependent variable drug release 
The prolonged drug release of NLX is considered optimum in this NLX-loaded SLNs system 

as prolonged release of NLX at the site of action would help to overcome the rapid clearance 

rate and short half-life of NLX, thus giving maximum therapeutic efficacy. Equation 3.6 

obtained from the BBD for drug release showed both positive and negative effects of 

independent variables on dependent variables, which are graphically represented in Figure 

3.8. Additionally, the R2 and R2 (adj) had a difference of 2.6% (0.026) which is less than 20% 

(0.2), indicating that the adopted model was significant (Takalani et al., 2024). 

 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = +7,20607− 0,0112245 𝐺𝐺𝐺𝐺𝐺𝐺 − 0,0164966 𝑃𝑃𝑃𝑃𝑃𝑃 −
0,0100794 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 1,02041𝐸𝐸 − 04 𝐺𝐺𝐺𝐺𝐺𝐺 ∗ 𝐺𝐺𝐺𝐺𝐺𝐺 +
0,000102041 𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 + 2,22222𝐸𝐸 − 05 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 0,000408163 𝐺𝐺𝐺𝐺𝐺𝐺 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 + 8,53954𝐸𝐸 −
20 𝐺𝐺𝐺𝐺𝐺𝐺 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 9,52381𝐸𝐸 − 05 𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

(Equation 
3.6) 

 

PCL (-0.0164966) has the higher coefficient variable as compared to GMS (-0.0112245) and 

Surfactant (-0.0100794) indicating that PCL has more prominent effect. The negative value of 

PCL indicates a negative effect but the interactions between PCL*PCL (+0.000102041), 
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PCL*GMS (+0.000408163) and PCL*Surfactant (+9.52381E-05) are all positive, indicating 

with the increase in PCL concentration, a prolonged drug release is observed. Additionally, 

from the contour plots observed in Figure 3.8, it can be stated that with the increasing 

concentration of PCL, the prolonged release of NLX from NLX-loaded SLNs can be obtained. 

Therefore, drug release ranged between 5 to 9 days for the 15 formulations obtained from the 

BBD, which is represented in Figure 3.9. 

 

 
Figure 3.8. Effect of independent variables i.e. GMS, PCL and Surfactant on dependent 
variable i.e. drug release represented in (a), (b) and (c) whereas the estimated regression 
coefficients for drug release is represented in (d). 
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Figure 3.9. Representation of the cumulative in vitro drug release profiles of the formulations 
obtained from the BBD (n = 3). 
 

3.3.2 Generation of the optimized NLX-loaded SLNs formulation 
Using the master formula (Figure 3.10) obtained from the BBD, the NLX-loaded SLNs were 

prepared using the modified double emulsification technique, as provided in 3.2.2. NLX (4 mg) 

was dissolved in ethanol (5 mL) using the bath sonicator followed by the dissolution of PCL 

(72.5 mg) in DCM (5 mL). The PCL solution was then added to the NLX solution under probe 
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sonication to form ORP1. Pf-127 (76.4 mg) as surfactant and tween 80 (15.3 μL) as co-

surfactant i.e. 5:1 was thereafter added to water (10 mL), forming the aqueous phase. ORP1 

was subsequently added to the aqueous phase under probe sonication to form EM1. GMS 

(40 mg) was then dissolved in DCM (10 mL) to form ORP2. ORP2 was thereafter added to 

EM1 and rotary evaporated to remove all the organic solvents and form EM2 containing the 

SLNs. The SLNs were then separated from EM2 by centrifugation followed by the re-

dispersion of the collected SLNs in Milli-Q distilled water (10 mL) and freeze drying to obtain 

dry SLNs powder. In Table 3.6, a comparison between the predicted and experimental values 

of particle size, %EE and maximum drug release are represented for the optimized NLX-

loaded SLNs. 

 

 
Figure 3.10. Representation of the master formula obtained for the preparation of optimized 
NLX-loaded SLNs with desired values of dependent variables using BBD. 
 

Table 3.6. Predicted, experimental and desirability values of particle size, %EE and maximum 
drug release of NLX-loaded SLNs. 

Dependent 
Variables 

Predicted Values 
Experimental 

Values 
Desirability Values 

Particle Size (nm) 148.5 142.2 ± 2.46 95.75% 

EE (%) 72.49 78.7 ± 1.17 91.44% 

Maximum Drug 
Release (Days) 

7 7 ± 0 100% 
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3.3.3 Characterization of the optimized NLX-loaded SLNs 
3.3.3.1 Evaluation of the particle size, PDI, zeta potential and surface morphology 
As per the results obtained in the study conducted by Bazargani et al., SLNs within the range 

of 40-200 nm are preferable for easy bypass across the BBB (Bazargani et al., 2025). The 

mean particle size (Figure 3.11. a and c) of the unloaded and NLX-loaded SLNs were found 

to be 141.6 ± 6.42 and 142.2 ± 2.46 nm, respectively, suggesting that the SLNs could easily 

cross the BBB as they were within the acceptable range. The PDI (Figure 3.11. a and c) of the 

unloaded and NLX-loaded SLNs were found to be 0.210 ± 0.04 and 0.112 ± 0.02, respectively. 

The lower values of PDI ≤ 0.3 suggest the uniform distribution of the SLNs across the 

dispersion (Danaei et al., 2018). The zeta potential (Figure 3.11. b and d) of the unloaded and 

NLX-loaded SLNs were found to be -19.2 ± 3.74 and -18.2 ± 1.85 mV suggesting that the 

SLNs are stable and less prone to form aggregates (Pandya et al., 2018). The results obtained 

from the Zeta-Sizer Nano-ZS instrument were further verified by SEM for particle size and 

surface morphology. The unloaded and NLX-loaded SLNs were found to be under 200 nm 

and with a spherical shape when observed using the SEM, as represented in Figure 3.12 (a) 

and (c) which were found to be similar with the results obtained by Yasir et al. (2021). A 

comparison between Figure 3.12 (a) and (b) and Figure 3.12 (c) and (d), indicated that the in-

lens images of both the unloaded and NLX-loaded SLNs i.e. Figure 3.12 (b) and (d) showed 

the inner polymer matrix being surrounded by the solid lipid layer i.e. GMS. Additionally, Figure 

3.12 (c) showed no crystals of NLX being present in the surrounding or on the surface of the 

imaged NLX-loaded SLNs, indicating the complete encapsulation of NLX and suggesting no 

burst release of NLX would occur, which was displayed in a similar study conducted by Naik 

et al. (2024). 
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Figure 3.11. Profiles of (a) the particle size and PDI of the unloaded SLNs, (b) the zeta 
potential of the unloaded SLNs, (c) the particle size and PDI of the optimized NLX-loaded 
SLNs and (d) the zeta potential of the optimized NLX-loaded SLNs. 
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Figure 3.12. SEM micrographs of (a) the secondary lens imaging of the unloaded SLNs, (b) 
the in-lens imaging of the unloaded SLNs, (c) the secondary lens imaging of the optimized 
NLX-loaded SLNs and (d) the in-lens imaging of the optimized NLX-loaded SLNs. 
 

3.3.3.2 Determination of %LC and %EE 
The %LC and %EE of the optimized NLX-loaded SLNs were found to be 3.5 ± 0.13% and 78.7 

± 1.17%, respectively, representing a stable PCL and Surfactant polymer matrix within the 

GMS-coated SLNs to encapsulate higher percentage of NLX. 

 

3.3.3.3 In vitro drug release of the NLX-loaded SLNs 
In vitro drug release studies (n = 3) were conducted to determine the release profile of NLX 

from the optimized NLX-loaded SLNs. Approximately 50% of NLX was released from the NLX-

loaded SLNs by the end of 2 days (48 hours) and the remaining 50% NLX was released over 

a period of the next 5 days (120 hours) indicating a release profile of NLX from NLX-loaded 

SLNs over a period of 7 days (168 hours), as represented in Figure 3.13. With the achievement 

of this release profile of NLX, it can be confirmed that the residence time of NLX at the site of 

action may be increased with the incorporation of NLX in the polymeric SLNs. Additionally, the 
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co-efficient of correlation (R2) values were found to be 0.6979, 0.8933, 0.9724, 0.9883 and 

0.8593 for Zero order, First order, Higuchi, Korsmeyer-Peppas and Hixson-Crowell models, 

respectively, as represented in Figure 3.14. As the R2 value 0.9883 is closest to 1, it is 

considered as best fitting, indicating that NLX release from the NLX-loaded SLNs follow the 

Korsmeyer-Peppas model of release kinetics. The obtained release exponent n from the 

Korsmeyer–Peppas model was 0.405 which further confirms that the mechanism of NLX 

release exhibited a Fickian transport, implying that the release of NLX was controlled by 

diffusion, where NLX move through the polymer matrix. Additionally, the high value of 

Korsmeyer–Peppas kKP parameter (11.001) suggested that a burst release occurred during 

the initial phase of the release (Abdelgader et al., 2024; Danyuo et al., 2019). 

 

 
Figure 3.13. Representation of the in vitro drug release profile of NLX from NLX-loaded SLNs 
at 37 °C (n = 3). 
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Figure 3.14. Representation of the in vitro NLX release profile data fitted to various kinetic 
models. 
 
3.3.3.4 Molecular structure assessment 
The FTIR spectra of all the starting materials, including the optimized unloaded and NLX-

loaded SLNs, are represented in Figure 3.15. The characteristic FTIR peaks of NLX: 3511 cm-

1 (free O-H), 3421 cm-1 (bonded O-H), 2974 cm-1 (N-H), 1715 cm-1 (C=O) and 1470 cm-1 
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(aromatic) were present, which were similar to that described in previous research (Hasan et 

al., 2021). Evaluation of the GMS spectrum revealed 3299 cm-1 (O-H), 1729 cm-1 (C=O) and 

1179 cm-1 (C-O) peaks were present, consistent with the study by Ng et al. (2018). PCL 

additionally displayed peaks at 2943 and 2866 cm-1 (asymmetric CH2), 1720 cm-1 (C=O) and 

1236 cm-1 (C-O-C) in line with the results obtained by Ali et al. (2014). Analysis of the FTIR 

spectra of the unloaded SLNs showed peaks at 3303 cm-1 (O-H), 2916 and 2850 cm-1 (C-H 

alkane), 1723 cm-1 (C=O) and 1174 cm-1 (C-O). The NLX-loaded SLNs showed the same 

characteristic peaks at 3299 cm-1 (O-H), 2916 and 2850 cm-1 (C-H alkane), 1723 cm-1 (C=O) 

and 1172 cm-1 (C-O) indicating the synthesis of SLNs, as the characteristic peaks of unloaded 

and NLX-loaded SLNs were found to be the same as GMS, indicating the outer layer of SLNs 

were made of GMS, consistent with the SEM images represented in Figure 3.12. This results 

can also be compared with the results obtained by Ebrahimi et al. (2015), where the 

characteristic peaks of NLX: 3511 cm-1 (N-H) and 1470 cm-1 (aromatic) were absent in the 

NLX-loaded SLNs, indicating the complete encapsulation of NLX within the polymeric core 

(Ebrahimi et al., 2015). 

 

 
Figure 3.15. FTIR spectra of the NLX-loaded SLNs, unloaded SLNs (B-SLN), NLX, Pf-127, 
PCL and GMS. 
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3.3.3.5 Determination of the thermal characteristics 
DCS analysis was performed on all the starting materials as well as on the unloaded and 

optimized NLX-loaded SLNs for the determination of their thermal behaviors, as represented 

in Figure 3.16. Pf-127 and GMS showed endothermic peaks at 58 °C and 65.8 °C whereas, 

PCL showed endothermic peaks at 68.2 °C and 385 °C, which falls in line with previous studies 

(Karolewicz et al., 2014; Kerman et al., 2005; Ng et al., 2018). NLX showed characteristic 

endothermic peaks at 127.5 °C and 194.3 °C, including an exothermic peak at 266.2 °C, which 

can be further verified by the results obtained in the study by Guguta et al. (2009). The 

unloaded SLNs showed endothermic peaks at 55.3 °C, 62.7 °C and initiation of one at 387 

°C. NLX-loaded SLNs further showed endothermic peaks at 55.5 °C, 67.5 °C and initiation of 

one at 390 °C. The endothermic peaks of both the unloaded and NLX-loaded SLNs are similar 

and lied within the range of Pf-127, PCL and GMS indicating the formation of SLNs (Yasir and 

Sara, 2014). Additionally, NLX-loaded SLNs showed a characteristic endothermic peak at 

186.2 °C and an exothermic peak at 263.8 °C, which were similar peaks to NLX indicating the 

encapsulation of NLX within the SLNs. 
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Figure 3.16. DSC thermograms of (a) NLX, unloaded (B-SLN) and optimized NLX-loaded 
SLNs and (b) Pf-127, PCL and GMS used for the synthesis of both the SLNs. 
 

3.3.3.6 Determination of the degradation rate 
TGA analysis was done on all the starting materials, as well as on unloaded and NLX-loaded 

SLNs, as represented in Figure 3.17, to determine their degradation rates. The % weight loss 

of the unloaded SLNs and NLX-loaded SLNs started at 221 °C and 205 °C, respectively. By 

the end i.e. 600 °C, 4.9% and 8.9% of the unloaded and optimized NLX-loaded SLNs still 

remained indicating the formation of GMS-coated SLNs, as 15.3% of GMS remained 

undegraded at 600 °C, consistent with the study carried out by Tian et al. (2018). Additionally, 

4% more of the NLX-loaded SLNs were found ,compared to the unloaded SLNs, which 



60 
 

indicated the presence of NLX as, 40.85% of NLX remained un-degraded at 600 °C (Guguta 

et al., 2009; Tian et al., 2018). 

 

 
Figure 3.17. TGA thermograms of the unloaded (B-SLN) and optimized NLX-loaded SLNs 
including all the materials used for the synthesis of the SLNs. 
 

3.3.4 Cell culture and cytotoxicity studies 
The assessment for potential cytotoxicity of NLX-loaded SLNs on HEK293 cells is represented 

in Figure 3.18. To determine biocompatibility, cell treatment groups were incubated for 24, 48 

and 72 hours in the presence of various concentrations of NLX (0.625-80 μg/mL), NLX-loaded 

SLNs (equivalent to 0.625-80 μg/mL) and SLNs without NLX where, they were compared to 

the positive control or untreated cells. Figure 3.19 represents the microscopic imaging of 

positive control, negative control, NLX, unloaded SLNs and NLX-loaded SLNs treated cells 

taken after 48 hours using an inverted microscope at 4X magnification. After 24 hours, the 

maximum concentration of NLX, unloaded SLNs and NLX-loaded SLNs showed cell viability 

of 89.91 ± 9.4%, 92.54 ± 2.9% and 91.11 ± 2.9%, respectively, whereas the minimum 

concentrations showed 94.45 ± 3.5%, 95.11 ± 3.7% and 95.99 ± 4.1% cell viability. At 48 

hours, the maximum concentration of NLX, unloaded SLNs and NLX-loaded SLNs showed 

cell viability of 85.34 ± 6.8%, 88.11 ± 2.4% and 88.81 ± 3.1%, respectively, whereas the 
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minimum concentrations showed 89.29 ± 2.6%, 93.25 ± 2.8% and 90.19 ± 3.5% cell viability. 

After 72 hours, the maximum concentration of NLX, unloaded SLNs and NLX-loaded SLNs 

showed cell viability of 83.55 ± 1.3%, 84.77 ± 2.6% and 84.16 ± 2.0%, respectively, while the 

minimum concentrations showed 86.78 ± 2.1%, 89.31 ± 1.8% and 88.60 ± 2.2% cell viability. 

Statistical evaluation of the data noted statistical significance at all time points and 

concentrations (p < 0.01), when compared to the positive control, due to the low variability 

between samples and the consistent values across sample runs. However, as per ISO 10993-

5, a %cell viability above 80% is considered non-cytotoxic; with 80%–60% weakly; 60%–40% 

moderately and a viability below 40% strongly cytotoxic (López-García et al., 2014). Thus, 

from the data obtained it can be concluded that NLX, unloaded SLNs and NLX-loaded SLNs 

showed good cell biocompatibility as even after 72 hours, none of the %cell viability dropped 

below 80% indicating no cytotoxic effect was observed. Additionally, as observed from the 

data obtained, it can be concluded that NLX-loaded SLNs had equivalent or more viable cells 

compared to NLX and the unloaded SLNs indicating that the incorporation of NLX within SLNs 

helped in improving the cell biocompatibility properties of NLX.  
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Figure 3.18. HEK293 cells biocompatibility with various concentrations of NLX, unloaded 
SLNs and NLX-loaded SLNs (a) after 24 hours (b) after 48 hours and (c) after 72 hours (n = 3 
with a p ≤ 0.01 for all cases). 
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Figure 3.19. Representation of the microscopic imaging of (a) positive control, (b) negative 
control, (c) NLX, (d) unloaded SLNs and (e) the optimized NLX-loaded SLNs treated cells. All 
images were taken after 48 hours at 4X magnification. 
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3.4 Conclusion 
In this chapter, polymeric NLX-loaded SLNs were synthesized for the sustained release of 

NLX, overcoming its poor pharmacokinetic properties. The polymeric NLX-loaded SLNs were 

successfully formulated using the modified double emulsification technique, where the desired 

particle size, PDI and zeta potential were obtained. Additionally, further verification of the 

particle size and shape was done using SEM imaging ensuring that the SLNs would cross the 

BBB with ease. The desired physicochemical properties of the NLX-loaded SLNs were 

obtained and confirmed using FTIR, DSC and TGA to ensure their desired molecular transition 

and stable thermal behavior. The maximum %EE and %LC of NLX within the SLNs was further 

obtained and in vitro release of NLX from the SLNs was observed over a period of one week, 

which suggested a potential increased bioavailability of NLX across the BBB and increased 

residence time at the site of action. The NLX-loaded SLNs additionally showed no significant 

signs of in vitro cytotoxicity against HEK293 cells, indicating their excellent biocompatibility. 

Therefore, with the achievement of the desired properties from the NLX-loaded SLNs, it can 

be an effective potential treatment for OUD. 

 

 



CHAPTER 4 
BUPRENORPHINE-LOADED SOLID LIPID NANOPARTICLES AS A COMBINATIVE 

INTERVENTION FOR OPIOID USE DISORDER 

________________________________________ 
 
4.1 Introduction 
BUP is a partial µ opioid receptor agonist and Κ opioid receptor antagonist used in the 

treatment of OUD as well as in pain management due to its mixed agonistic-antagonistic effect 

(De Aquino et al., 2021; Lutfy and Cowan, 2004). It is one of the most preferred drugs in the 

treatment of OUD because of its mixed agonistic-antagonistic effect, as it reduces cravings for 

opioids and prevents opioid-dependent patients from undergoing withdrawal symptoms 

(Nasser et al., 2016). However, BUP undergoes extensive first-pass metabolism and therefore 

has a low oral bioavailability of 35% (Elkader and Sproule, 2005). Additionally, a bioavailability 

of 49-63% has been reported by Nath et al. for BUP when delivered sublingually (Nath et al., 

1999). Therefore, with the incorporation of advanced DDSs and through the use of alternate 

delivery routes, the pharmacokinetic and pharmacodynamic properties of BUP can be 

improved. 

 

DDSs which sustain/control the release of drugs loaded in formulations is considered to be a 

modern tool to achieve a prolonged and consistent drug release at the site of action, thereby 

leading to peak plasma exposure, reduced side effects and reduced application intervals 

(Schreiner et al., 2021). Specifically, polymeric SLNs due to their beneficial physicochemical 

properties, as mentioned in Chapter 3 (3.1) for the delivery of NLX, have the potential to 

improve the pharmacodynamic and pharmacokinetic properties of drugs such as BUP. 

Therefore, this chapter provides for the design, synthesis and optimization of sustained-

release BUP-loaded polymeric SLNs for the management of OUD with the aim of providing 

better therapeutic efficacy through reduced dosing frequency, reduced dosage strength and 

improved bioavailability. This system is envisioned to release BUP at the target site for a 

longer duration thereby improving therapeutic outcomes and patient compliance, similar to 

that of the NLX-loaded SLNs developed in Chapter 3. Additionally provided in this chapter is 

the construction and evaluation of BBD experiment, which aided in the optimizing of the 

material composition and formulation processes, which are important factors for the 

performance of the BUP-loaded SLNs (Hasan et al., 2021). Thereafter, the optimized BUP-

loaded SLNs were characterized for their physicochemical properties such as particle size, 

zeta potential, PDI, surface morphology, %EE, release profile, thermal behaviour and lastly 

biocompatibility studies using the HEK293 cell line. 
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4.2 Materials and methods 
4.2.1 Materials 
Buprenorphine Hydrochloride (BUP), GMS, Tween 80, Pf-127, PCL (Avg Mw = 14 000), DCM, 

Ethanol (99%), DMSO and MTT assay kit were purchased from Sigma-Aldrich (St. Louis, 

Missouri, USA), DMEM, FBS, Pen-Strep antibiotic solution and DPBS from ThermoFisher 

Scientific (Randburg, South Africa) and HEK293 cells from ATCC (LGC-Standards, South 

Africa). All other chemicals were of analytical grade and used as received. 

 

4.2.2 Preparation of the BUP-loaded SLNs 

The BUP-loaded SLNs were formulated using the modified double emulsification technique, 

as described in Chapter 3 (3.2.2). Briefly, BUP was dissolved in ethanol followed by the 

dissolution of PCL in DCM in a separate vessel. The PCL solution was then added to the BUP 

solution under probe sonication, at 40% amplitude, 1.5 million joules and 1 minute, forming 

ORP1, with Pf-127 as a surfactant and tween 80 as co-surfactant added to water, forming the 

aqueous phase. ORP1 was then added to the aqueous phase under probe sonication (40% 

amplitude, 1.5 million joules and 8.5 minutes) to form EM1, with GMS dissolved in DCM to 

form ORP2. ORP2 was then added to EM1 and rotary evaporated (175 mbar, 30 minutes) to 

remove all the organic solvents and form EM2 containing the BUP-loaded SLNs. The SLNs 

were thereafter separated from EM2 by centrifugation at 10,000 RPM for 35 minutes at 4 °C, 

followed by the re-dispersion of the collected BUP-loaded SLNs in Milli-Q distilled water. The 

SLNs were subsequently freeze dried using a lyophilizer for 17 hours to obtain a dry SLN 

powder. 

 

4.2.3 Statistical optimization of the BUP-loaded SLNs 

4.2.3.1 Construction of the BBD 

A BBD (MINITAB®, V15, Minitab, USA) was used for the optimization of the formulated BUP-

loaded SLNs as mentioned in Chapter 3 (3.2.3.1). For the BUP-loaded SLNs, the independent 

variables were selected as: Lipid (GMS) concentration, Polymer (PCL) concentration and 

Surfactant/Co-surfactant (Pf-127:Tween 80 = 5:1) concentration whereas, the dependent 

responses included the particle size, %EE and maximum drug release time. 

 

4.2.3.2 Determination of BBD lower and upper limits of independent variables 

The same lower and upper limits as mentioned in Chapter 3 (3.2.3.2 and 3.3.1.1) for the NLX-

loaded SLNs were used for BUP-loaded SLNs due to the similarity between the 

physicochemical properties of the two drugs (Jönsson et al., 2018). Table 4.1 represents the 

lower and upper limits of BUP-loaded SLNs independent variables and Table 4.2 represents 

the 15-formulations generated utilizing the BBD. 
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Table 4.1. The lower and upper limits of BUP-loaded SLNs independent variables are 
tabulated as Lipid (GMS) concentration, Polymer (PCL) concentration and Surfactant (Pf-
127:Tween 80) concentration. 

Factor Coded level 
Independent variables -1 0 +1 

F1: Lipid concentration (GMS) 

(mg/mL) 

4 7.5 11 

F2: Polymer concentration 

(PCL) (mg/mL) 

6 13 20 

F3: Surfactant concentration 

(mg/mL) 

5 12.5 20 

 

Table 4.2. The 15 formulations generated for the statistical optimization of the BUP-SLNs 
using the BBD. 

Run F1: GMS (mg/5mL) F2: PCL (mg/2.5mL) F3: Surfactant (mg/5mL) 
1 37.5 32.5 62.5 
2 55 15 62.5 
3 37.5 32.5 62.5 
4 37.5 15 25 
5 55 32.5 100 
6 55 32.5 25 
7 20 50 62.5 
8 20 15 62.5 
9 37.5 32.5 62.5 

10 20 32.5 100 
11 55 50 62.5 
12 20 32.5 25 
13 37.5 15 100 
14 37.5 50 25 
15 37.5 50 100 

 

4.2.3.3 Preparation of the BBD formulations 

Using the modified double emulsification technique, as represented in 4.2.2, the formulations 

mentioned in Table 4.2 were formulated and analysed for particle size, %EE and maximum 

drug release. 

 

4.2.3.3.1 Determination of particle size for the generated BBD formulations 
The DLS technique of the Zeta-Sizer Nano-ZS, as mentioned in Chapter 3 (3.2.3.3.1) (n = 3), 

was used for the determination of the particle size of the BUP-loaded SLNs. For the analysis, 

the freeze-dried BUP-loaded SLNs were screened for a particle size ranging between 40 - 200 

nm (Xinchen et al., 2023). 
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4.2.3.3.2 Determination of %EE for the generated BBD formulations 
Prior to the evaluation of the %EE for the BBD formulations, a UV/Vis-spectrophotometer was 

used for the construction of a calibration curve i.e. a relation between concentration and 

absorbance of BUP (Figure 4.1) in PBS. The lambda-max (λ-max) for BUP was confirmed at 

285 nm by employing a full UV/Vis-spectrophotometry analysis, which falls in line with the 

findings by Mundhey et al. (2016). Various concentrations of BUP i.e. 0-88 μg/mL were 

analysed on the UV/Vis-spectrophotometer at 285 nm to obtain the absorbance values of the 

respective concentrations for the quantification of BUP. 

 

 
Figure 4.1. The constructed calibration curve for BUP. 
 
The indirect method as discussed in Chapter 3 (3.2.3.3.2) was used for the determination of 

%EE (Equation 3.1) of BUP in the BUP-loaded SLNs formulations at 285 nm using a UV/Vis-

spectrophotometer. 

 
4.2.3.3.3 Determination of maximum drug release for the generated BBD formulations 

Drug release studies (n = 3) on the BUP-loaded SLNs was done using the dialysis bag 

diffusion method as discussed in Chapter 3 (3.2.3.3.3), where the concentration of BUP 
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released from the formulated BUP-loaded SLNs to PBS was analysed and measured at 285 

nm by UV/Vis spectroscopy. 

 

4.2.3.4 Optimization process of the dependent variables 
Based on the BBD formulation results, the desired particle size, %EE and maximum drug 

release criteria were selected to optimize the SLNs for the intranasal delivery of BUP, which 

is represented in Table 4.3. 

 

Table 4.3. The desired particle size, %EE and maximum drug release for the optimized BUP-
loaded SLNs. 

Dependent variables Constraints 
R1: Particle Size (nm) 125 nm 

R2: EE (%) Maximum 

R3: Maximum Drug Release 

(days) 

7 days 

 

4.2.3.5 Characterization of the optimized BUP-loaded SLNs 

4.2.3.5.1 Evaluation of the particle size, PDI, zeta potential and surface morphology 

As described in Chapter 3 (3.2.3.3.1), DLS measurements through a Zeta-Sizer Nano-ZS (n 

= 3) was used for the determination of particle size, PDI and zeta potential of the unloaded 

and BUP-loaded SLNs. The SLNs were screened for a particle size ranging between 40-200 

nm, a PDI of ≤ 0.3 and a zeta potential of -15 to -30 mV (Neves, 2015; Xinchen et al., 2023). 

Additionally, the particle shape and surface morphology of the formulated unloaded and BUP-

loaded SLNs were determined using a SEM, with the sample preparation for SEM undertaken 

as stated in Chapter 3 (3.2.3.5.1). 

 

4.2.3.5.2 Determination of the %EE and %LC 

The indirect method as described in Chapter 3 (3.2.3.3.2 and 3.2.3.5.2) (n = 3) was used for 

the determination of %EE (Equation 3.1) and %LC (Equation 3.2) of BUP in the optimized 

BUP-loaded SLNs formulation at 285 nm using a UV/Vis-spectrophotometer. 

 

4.2.3.5.3 In vitro drug release of the formulated SLNs 

In vitro drug release studies (n = 3) on the optimized BUP-loaded SLNs were done using the 

dialysis bag diffusion method as discussed in Chapter 3 (3.2.3.3.3), where the concentration 

of BUP released from the optimized BUP-loaded SLNs to PBS was analysed and measured 

at 285 nm. Additionally, several kinetic models such as the Zero order, First order, Higuchi, 

Korsmeyer-Peppas and Hixson-Crowel models were employed to analyse the BUP release 
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kinetic pattern from the optimized BUP-loaded SLNs using DDSolver software. 

 

4.2.3.5.4 Molecular structure assessment 
All starting materials used for formulating the SLNs including both the freeze-dried unloaded 

and BUP-loaded SLNs, were analysed for their molecular transitions and interactions using a 

PerkinElmer ATR-FTIR. The instrumental parameters for the analysis were as described in 

Chapter 3 (3.2.3.5.4) to obtain the FTIR spectra. 

 

4.2.3.5.5 Determination of thermal characteristics 

All starting materials used for formulating the SLNs including for both the freeze-dried 

unloaded and BUP-loaded SLNs were analysed as discussed in Chapter 3 (3.2.3.5.5) for their 

thermal properties using a DSC. 

 

4.2.3.5.6 Determination of the SLNs degradation rate 

The thermal degradation temperatures of all the starting materials used for formulating the 

SLNs including for both the freeze-dried unloaded and BUP-loaded SLNs were determined 

using a TGA, as discussed in Chapter 3 (3.2.3.5.6). 

 

4.2.4 Cell culture and cytotoxicity studies 

4.2.4.1 Cell culture 
The HEK293 cells were maintained, cultured and seeded as discussed in Chapter 3 (3.2.4.1) 

with the treatments i.e. BUP, unloaded SLNs and BUP-loaded SLNs thereafter prepared in 

serial dilutions using DPBS (2.5 - 320 μg/mL). 

 
4.2.4.2 Cytotoxicity studies using MTT assay kit 
Cell viability, through the determination of mitochondrial activity of living cells was measured 

by quantitative colorimetric assay (n = 3) using MTT over 72 hours, as discussed in Chapter 

3 (3.2.4.2), and through the absorbance values obtained, the relative cell viability was 

calculated using Equation 3.3. 

 

4.2.5 Statistical analysis 

All analyses were conducted in triplicate (n = 3) with Microsoft Excel used to express the mean 

and standard deviation of the obtained results. P values of less than 0.05 (p < 0.05) were 

considered to be an indication of statistical significance. OriginPro 2025 was additionally used 

for the graphical representation of all results obtained. 
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4.3 Results and discussion 
4.3.1 Statistical optimization using BBD 
4.3.1.1 Formulation optimization using BBD strategy 
With the incorporation of the lower and upper limits of independent variables into the BBD 

software, a total of 15 experimental runs were generated for the determination of effects of the 

varying concentrations of lipid, polymer and surfactant on particle size, %EE and maximum 

drug release. Table 4.4 provides the response results of the BBD design with all studies 

undertaken in triplicate. 

 

Table 4.4. Summary of the responses observed from the formulations generated by the BBD 
for the optimization of the BUP-loaded SLNs (n = 3). 

Run R1: Particle Size (nm) R2: EE (%) R3: Maximum Drug Release (Days) 
1 122.3 ± 1.97 98.9 ± 0.95 7 

2 116.7 ± 2.41 98.6 ± 0.76 6 

3 115.5 ± 4.5 98.8 ± 0.76 7 

4 124.8 ± 2.18 99.1 ± 0.71 6 

5 118.5 ± 1.38 98.5 ± 0.5 7 

6 125.8 ± 3.86 99.5 ± 0.45 7 

7 123.5 ± 2.51 98.8 ± 0.98 9 

8 126.5 ± 3.05 98.8 ± 0.98 5 

9 127.4 ± 1.15 98.5 ± 0.5 7 

10 128.2 ± 2.38 99.3 ± 0.29 7 

11 175.4 ± 3.42 99.5 ± 0.45 9 

12 117.7 ± 2.82 98.8 ± 0.76 7 

13 91.84 ± 3.35 99.3 ± 0.29 5 

14 128.1 ± 2.23 99.1 ± 1.00 9 

15 119.8 ± 3.97 99.5 ± 0.45 9 

 
4.3.1.1.1 Effect of independent variables on dependent variable particle size 
The particle size ranging between 40 - 200 nm for nanocarriers is considered to be the 

optimum size for crossing the BBB, especially for nose-to-brain DDSs (Xinchen et al., 2023). 

Equation 4.1 obtained from the BBD for particle size showed both positive and negative effects 

of the independent variables on the dependent variables, which are graphically represented 

in Figure 4.2. Additionally, the R2 and R2 (adj) had a difference of 19% (0.19) which is less 

than 20% (0.2) indicating that the adopted model was significant (Takalani et al., 2024). 
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = +198.517− 3.44830 𝐺𝐺𝐺𝐺𝐺𝐺 − 2.65306 PCL +
0.625185 Surfactant + 0.0336054 GMS ∗ GMS +
0.0123810 PCL ∗ PCL − 0.00654815 Sufactant ∗ Surfactant +
0.0497959 GMS ∗ PCL − 0.00647619 GMS ∗ Surfactant +
0.00952381 PCL ∗ Surfactant  

(Equation 
4.1) 

 

The higher value of coefficient variable of GMS (-3.44830), as compared to PCL (-2.65306) 

and Surfactant (+0.625185), showed that GMS had a more prominent effect on particle size. 

Initially, with the increase in GMS concentration, the particle size decreased, but after a certain 

concentration GMS showed a positive effect, i.e. with the increase in GMS concentration, the 

particle size increased. Additionally, with the increase in PCL concentration, the particle size 

increased which can be stated from the positive values obtained in Equation 4.1 from the 

interactions between PCL*PCL, PCL*GMS and PCL*Surfactant. The mentioned effects of 

both GMS and PCL can be evidenced from the contour plots represented in Figure 4.2. 

Resultantly, the particle sizes ranged from 91.84 to 175.4 nm for the 15 formulations obtained 

from the BBD, which is represented in Figure 4.3. 

 

 
Figure 4.2. Effect of the independent variables i.e. GMS, PCL and Surfactant on the 
dependent variable i.e. particle size, as represented in (a), (b) and (c), whereas the estimated 
regression coefficients for particle size is represented in (d). 
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Figure 4.3. Representation of various particle sizes obtained for the BBD formulations (n = 3). 
 

4.3.1.1.2 Effect of independent variables on dependent variable %EE 
The maximum %EE of BUP nanocarriers is considered optimum, as this decreases the 

amount of SLNs required at the site of action for therapeutic efficacy. Equation 4.2 obtained 

from the BBD for %EE showed no effects of the independent variables on dependent 

variables, which are graphically represented in Figure 4.4, indicating none of the independent 

variables are responsible for the variation in %EE. Figure 4.5 represents the %EE ranging 

between 98.5 - 99.5% for the 15 formulations obtained from the BBD. 

 

%𝐸𝐸𝐸𝐸 = +99.00 + 0.000 GMS + 0.000 PCL + 0.000 Surfactant + 0.000 GMS ∗
GMS + 0.000 PCL ∗ PCL + 0.000 Surfactant ∗ Surfactant + 0.000 GMS ∗
PCL + 0.000 GMS ∗ Surfactant + 0.000 PCL ∗ Surfactant  

(Equation 
4.2) 
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Figure 4.4. Effect of the independent variables i.e. GMS, PCL and Surfactant on the 
dependent variable i.e. %EE, as represented in (a), (b) and (c), whereas the estimated 
regression coefficients for %EE is represented in (d). 
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Figure 4.5. Representation of various %EE obtained for the BBD formulations (n = 3). 
 

4.3.1.1.3 Effect of independent variables on dependent variable drug release 
The prolonged drug release of BUP is considered optimum in this BUP-loaded SLNs system, 

as prolonged release of BUP at the site of action would help to overcome the rapid clearance 

rate and short half-life of BUP, thus giving maximum therapeutic efficacy and a decreased 

dosing interval. Equation 4.3 obtained from the BBD for drug release showed both positive 

and negative effects of independent variables on dependent variables, which are graphically 

represented in Figure 4.6. Additionally, the R2 and R2 (adj) had a difference of 1.7% (0.017) 

which is less than 20% (0.2), indicating that the adopted model was significant (Takalani et 

al., 2024). 

 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = +4.33163 + 0.0336735 GMS + 0.0537415 PCL −
0.0157143 Surfactant + 5.64388E − 19 GMS ∗ GMS +
0.000816327 PCL ∗ PCL − 8.08024E− 20 Surfactant ∗
Surfactant− 8.16327E − 04 GMS ∗ PCL + 9.79394E−
21 GMS ∗ Surfactant + 0.000380952 PCL ∗ Surfactant  

(Equation 
4.3) 

 

PCL (+0.0537415) has the higher coefficient variable as compared to GMS (+0.0336735) and 

Surfactant (-0.0157143) indicating that PCL has a more prominent effect. The positive value 
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of PCL, including the positive values of interactions between PCL*PCL and PCL*Surfactant, 

indicates that with the increase in concentration of PCL, a prolonged BUP release from BUP-

loaded SLNs can be obtained. Additionally, from the contour plots observed in Figure 4.6, it 

can be stated that with the increasing concentration of PCL, the prolonged drug release from 

BUP-loaded SLNs can be obtained. Therefore, drug release ranged between 5 to 9 days for 

the 15 formulations obtained from the BBD, which is represented in Figure 4.7. 

 

 
Figure 4.6. Effect of the independent variables i.e. GMS, PCL and Surfactant on the 
dependent variable i.e. drug release, as represented in (a), (b) and (c), whereas the estimated 
regression coefficients for drug release is represented in (d). 
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Figure 4.7. Representation of the cumulative in vitro drug release profiles of the BUP-SLN 
formulations obtained from the BBD (n = 3). 
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4.3.2 Generation of the optimized BUP-loaded SLNs formulation 
Using the optimized composition obtained from the BBD (Figure 4.8), the BUP-loaded SLNs 

were prepared using the modified double emulsification technique, as provided in Chapter 3 

(3.2.2). The optimized formulation composition included BUP (2 mg), PCL (32.13 mg), Pf-127 

(80.38 mg), tween 80 (16.07 μL) and GMS (50.82 mg). Table 4.5 provided a comparison 

between the predicted and experimental values of particle size, %EE and maximum drug 

release for the optimized BUP-loaded SLNs. 

 

 
Figure 4.8. Representation of the formulation composition obtained for the preparation of the 
optimized BUP-loaded SLNs, including the desired values of dependent variables using the 
BBD. 
 

Table 4.5. Predicted, experimental and desirability values of particle size, %EE and maximum 
drug release of the optimized BUP-loaded SLNs. 

Dependent Variables 
Predicted 

Values 
Experimental 

Values 
Desirability 

Values 
Particle Size (nm) 125 128.2 ± 2.03 97.44% 

EE (%) 99 99.2 ± 0.70 99.80% 

Maximum Drug 
Release (Days) 

7 7 ± 0 100% 
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4.3.3 Characterization of the optimized BUP-loaded SLNs 
4.3.3.1 Evaluation of the particle size, PDI, zeta potential and surface morphology 
As per the results obtained in the study conducted by Bazargani et al., SLNs within the range 

of 40-200 nm are preferable for easy bypass across the BBB (Bazargani et al., 2025). The 

mean particle size (Figure 4.9 a and c) of the unloaded and BUP-loaded SLNs were found to 

be 135.5 ± 3.79 and 128.2 ± 2.03 nm, respectively, suggesting that the SLNs could easily 

cross the BBB, as they were within the acceptable range. The PDI (Figure 4.9 a and c) of the 

unloaded and BUP-loaded SLNs were found to be 0.165 ± 0.02 and 0.154 ± 0.01, respectively. 

The lower values of PDI ≤ 0.3 suggest the uniform distribution of the SLNs across the 

dispersion (Danaei et al., 2018). The zeta potential (Figure 4.9 b and d) of the unloaded and 

BUP-loaded SLNs were found to be -18.2 ± 2.71 and -19.8 ± 1.55 mV suggesting that the 

SLNs are stable and less prone to form aggregates (Pandya et al., 2018). The results obtained 

from the Zeta-Sizer Nano-ZS instrument were further verified by SEM for particle size and 

surface morphology. The unloaded and BUP-loaded SLNs were found to be under 200 nm 

and with a spherical shape when observed using the SEM, as represented in Figure 4.10 (a) 

and (c), which were found to be similar with the results obtained by Yasir et al. (2021). A 

comparison between Figure 4.10 (a) and (b) and Figure 4.10 (c) and (d), indicated that the in-

lens images of both the unloaded and BUP-loaded SLNs i.e. Figure 4.10 (b) and (d) showed 

the inner polymer matrix being surrounded by the solid lipid layer i.e. GMS. Additionally, Figure 

4.10 (c) showed no crystals of BUP being present in the surrounding, or on the surface of the 

imaged BUP-loaded SLNs, indicating the complete encapsulation of BUP, suggesting no burst 

release of BUP would occur, similar to the study conducted by Naik et al. (2024). 
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Figure 4.9. Profiles of (a) the particle size and PDI of the unloaded SLNs, (b) the zeta potential 
of the unloaded SLNs, (c) the particle size and PDI of the optimized BUP-loaded SLNs and 
(d) the zeta potential of the optimized BUP-loaded SLNs. 
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Figure 4.10. SEM micrographs of (a) the secondary lens imaging of the unloaded SLNs, (b) 
the in-lens imaging of the unloaded SLNs, (c) the secondary lens imaging of the optimized 
BUP-loaded SLNs and (d) the in-lens imaging of the optimized BUP-loaded SLNs. 
 

4.3.3.2 Determination of the %LC and %EE 
The %LC and %EE of the optimized BUP-loaded SLNs were found to be 4.5 ± 0.40% and 

99.2 ± 0.71% respectively, representing a stable PCL and Surfactant polymer matrix within 

the GMS-coated SLNs to encapsulate higher percentage of BUP. 

 

4.3.3.3 In vitro drug release of the BUP-loaded SLNs 
In vitro drug release studies (n = 3) were conducted to determine the release profile of BUP 

from the optimized BUP-loaded SLNs. Approximately 50% of BUP was released from the 

BUP-loaded SLNs by the end of day 1 (24 hours) and the remaining 50% BUP was released 

over a period of next 6 days (144 hours), indicating a release profile of BUP from BUP-loaded 

SLNs over a period of 7 days (168 hours), as represented in Figure 4.11. With the achievement 

of this release profile of BUP, it can be confirmed that the residence time of BUP at the site of 

action may be increased with the incorporation of BUP in the polymeric SLNs. Additionally, 
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the co-efficient of correlation (R2) values were found to be 0.3479, 0.8251, 0.8684, 0.9852 and 

0.7561 for Zero order, First order, Higuchi, Korsmeyer-Peppas and Hixson-Crowell models, 

respectively, as represented in Figure 4.12. As the R2 value 0.9852 is closest to 1, it is 

considered as best fitting, indicating that BUP release from the BUP-loaded SLNs follow the 

Korsmeyer-Peppas model of release kinetics. The obtained release exponent n from the 

Korsmeyer–Peppas model was 0.299 which further confirms that the mechanism of BUP 

release exhibited a Fickian transport, implying that the release of BUP was controlled by 

diffusion, where BUP move through the polymer matrix. Additionally, the high value of 

Korsmeyer–Peppas kKP parameter (20.721) suggested that a burst release occurred during 

the initial phase of the release (Abdelgader et al., 2024; Danyuo et al., 2019). 

 

 
Figure 4.11. Representation of the in vitro drug release profile of BUP from the optimized 
BUP-loaded SLNs (n = 3). 
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Figure 4.12. Representation of the in vitro BUP release profile data fitted to various kinetic 
models. 
 

4.3.3.4 Molecular structure assessment 
The FTIR spectra of all the starting materials, including the optimized unloaded and BUP-

loaded SLNs, are represented in Figure 4.13. The characteristic FTIR peaks of BUP:  

3545 cm-1 (O-H), 3136 cm-1 (N-H), 1470 cm-1 (aromatic) and 1112 cm-1 (C-O-C) were present, 
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which were similar to that described in previous research (Alizadeh et al., 2019; Mohammadi 

et al., 2020). Evaluation of the GMS spectrum revealed peaks at 3299 cm-1 (O-H), 1729 cm-1 

(C=O) and 1179 cm-1 (C-O) were present, consistent with the study by Ng et al. (2018). PCL 

additionally displayed peaks at 2943 and 2866 cm-1 (asymmetric CH2), 1720 cm-1 (C=O) and 

1236 cm-1 (C-O-C), in line with the results obtained by Ali et al. (2014). Analysis of the FTIR 

spectra of the unloaded SLNs showed peaks at 3299 cm-1 (O-H), 2919 and 2850 cm-1 (C-H 

alkane), 1724 cm-1 (C=O) and 1180 cm-1 (C-O). The BUP-loaded SLNs showed the same or 

similar characteristic peaks at 3298 cm-1 (O-H), 2917 and 2853 cm-1 (C-H alkane), 1730 cm-1 

(C=O) and 1181 cm-1 (C-O) validating the synthesis of SLNs, as the characteristic peaks of 

unloaded and BUP-loaded SLNs were found to be the same as GMS, indicating the outer 

layer of SLNs were made of GMS, consistent with the SEM images represented in Figure 

4.10. This results can also be compared with the results obtained by Ebrahimi et al. (2015), 

where the characteristic peaks of BUP: 3136 cm-1 (N-H) and 1470 cm-1 (aromatic) were absent 

in the BUP-loaded SLNs, representing the complete encapsulation of BUP within the 

polymeric core (Ebrahimi et al., 2015). 

 

 
Figure 4.13. FTIR spectra of the BUP-loaded SLNs, unloaded SLNs (B-SLNs), BUP, PCL and 
GMS. 



85 
 

4.3.3.5 Determination of the thermal characteristics 
DCS analysis was performed on all the starting materials, as well as on the unloaded and 

optimized BUP-loaded SLNs, for the determination of their thermal behaviours, as represented 

in Figure 4.14. Pf-127 and GMS showed endothermic peaks at 58 °C and 65.8 °C, whereas 

PCL showed endothermic peaks at 68.2 °C and 385 °C, comparative to previous studies 

(Karolewicz et al., 2014; Kerman et al., 2005; Ng et al., 2018). BUP showed a characteristic 

endothermic peak at 289.5 °C, which can be further verified by the results obtained in the 

study by Yeola et al. (2014). The unloaded SLNs showed endothermic peaks at 55.3 °C, 62.7 

°C and initiation of one at 387 °C. BUP-loaded SLNs further showed endothermic peaks at 

54.8 °C, 61.2 °C and initiation of one at 387 °C. The endothermic peaks of both the unloaded 

and BUP-loaded SLNs are similar and lied within the range of Pf-127, PCL and GMS indicating 

the formation of SLNs (Yasir and Sara, 2014). Additionally, the BUP-loaded SLNs showed a 

characteristic endothermic peak at 281 °C, which is a similar peak to BUP indicating the 

encapsulation of BUP within the SLNs. 
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Figure 4.14. DSC thermograms of (a) BUP, unloaded (B-SLN) and optimized BUP-loaded 
SLNs and (b) Pf-127, PCL and GMS used for the synthesis of both the SLNs. 
 

4.3.3.6 Determination of the degradation rate 
TGA analysis was done on all the starting materials, as well as on the optimized unloaded and 

BUP-loaded SLNs, as represented in Figure 4.15 to determine their degradation rates. The % 

weight loss of the unloaded SLNs and BUP-loaded SLNs started at 221 °C and 193.7 °C 

respectively. By the end i.e. 600 °C, 4.9% and 6.8% of unloaded and BUP-loaded SLNs still 
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remained, indicating the formation of GMS-coated SLNs, as 15.3% of GMS remained 

undegraded at 600 °C, consistent with the study carried out by Tian et al. (2018). Additionally, 

1.9% more of the BUP-loaded SLNs were detected, compared to the unloaded SLNs, which 

indicated the presence of BUP, as 14.9% of BUP remained undegraded at 600 °C (Guguta et 

al., 2009; Tian et al., 2018). 

 

 
Figure 4.15. TGA thermograms of the unloaded (B-SLN) and optimized BUP-loaded SLNs 
including all the materials used for the synthesis of SLNs. 
 

4.3.4 Cell culture and cytotoxicity studies 
The assessment for potential cytotoxicity of the BUP-loaded SLNs on HEK293 cells is 

represented in Figure 4.16. To determine cytocompatibility, cell treatment groups were 

incubated for 24, 48 and 72 hours in the presence of various concentrations of BUP (2.5 - 320 

μg/mL), BUP-loaded SLNs (equivalent to 2.5 - 320 μg/mL) and SLNs without BUP and 

compared to a positive control or untreated cells. Figure 4.17 represents the microscopic 

imaging of positive control, negative control, BUP, unloaded SLNs and BUP-loaded SLNs 

treated cells taken after 48 hours using an inverted microscope with 4× magnification. After 

24 hours, the maximum concentration of BUP, unloaded SLNs and BUP-loaded SLNs showed 

a cell viability of 89.29 ± 0.02%, 92.54 ± 2.98% and 90.72 ± 0.03%, respectively, whereas the 
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minimum concentrations showed 94.11 ± 0.01%, 95.09 ± 3.70% and 95.61 ± 0.02% cell 

viability. At 48 hours, the maximum concentration of BUP, unloaded SLNs and BUP-loaded 

SLNs showed cell viability of 84.69 ± 0.02%, 88.09 ± 2.37% and 88.54 ± 0.02%, respectively, 

whereas the minimum concentrations showed 88.74 ± 0.05%, 93.25 ± 2.79% and 92.06 ± 

0.08% cell viability, while after 72 hours, the maximum concentration of BUP, unloaded SLNs 

and BUP-loaded SLNs showed cell viability of 81.54 ± 0.05%, 84.77 ± 2.62% and 85.39 ± 

0.04%, respectively, while the minimum concentrations showed 85.01 ± 0.02%, 89.31 ± 1.82% 

and 88.61 ± 0.03% cell viability. Statistical evaluation of the data noted a statistical significance 

at all time points and concentrations (p < 0.01), when compared to the positive control, due to 

the low variability between samples and the consistent values across sample runs. However, 

as per ISO 10993-5, a %cell viability above 80% is considered non-cytotoxic; within 80% - 

60% weakly; 60% - 40% moderately and below 40% strongly cytotoxic (López-García et al., 

2014). Thus, from the data obtained it can be concluded that BUP, unloaded SLNs and BUP-

loaded SLNs showed good cytocompatibility, as even after 72 hours, none of the %cell viability 

dropped below 80%, indicating no cytotoxic effect was observed. Additionally, as determined 

from the data obtained, it can be concluded that the BUP-loaded SLNs had equivalent or 

greater cell viability when compared to pure BUP and the unloaded SLNs, indicating that the 

incorporation of BUP within SLNs helped in improving the cytocompatibility properties of BUP. 
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Figure 4.16. HEK293 cell cytocompatibility after treatment with various concentrations of 
BUP, unloaded SLNs and BUP-loaded SLNs for (a) 24 hours (b) 48 hours and (c) 72 hours (n 
= 3 and p ≤ 0.01 at all cases). 
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Figure 4.17. Representation of the microscopic imaging of (a) the positive control, (b) the 
negative control, (c) BUP, (d) unloaded SLNs and (e) the optimized BUP-loaded SLNs treated 
cells All images were taken after 48 hours at 4X magnification. 
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4.4 Conclusion 
In this chapter, polymeric BUP-loaded SLNs were synthesized for the sustained release of 

BUP, potentially overcoming its poor pharmacokinetic properties. The polymeric BUP-loaded 

SLNs were successfully formulated using the modified double emulsification technique, where 

the desired particle size, PDI and zeta potential were obtained. Additionally, further verification 

of the particle size and shape was undertaken using SEM imaging ensuring that the SLNs 

would cross the BBB. The desired physicochemical properties of the BUP-loaded SLNs were 

obtained and confirmed using FTIR, DSC and TGA, ensuring their desired molecular transition 

and stable thermal behaviour. The maximum %EE and %LC of BUP within the SLNs was 

further obtained and in vitro release of BUP from the SLNs was observed over a period of one 

week (7 days), which suggested potential increased bioavailability of BUP across the BBB and 

an increased residence time at the site of action. The BUP-loaded SLNs additionally showed 

no significant signs of in vitro cytotoxicity against HEK293 cells, indicating their excellent 

cytocompatibility. Therefore, with the achievement of the desired properties from the BUP-

loaded SLNs, it can be an effective potential treatment for OUD alone and in combination with 

other synergistic interventions, such as the NLX-loaded SLNs developed in Chapter 3. The 

following chapter therefore explores the potential to incorporate the optimized NLX-loaded 

SLNs developed in Chapter 3 and the optimized BUP-loaded SLNs in this chapter within a 

intranasally administered drug delivery system for the treatment of OUD. 

 

 



CHAPTER 5 
A THERMO-RESPONSIVE NASAL GEL SYSTEM FOR THE TARGETED, SUSTAINED 

RELEASE OF BUPRENORPHINE AND NALOXONE 

________________________________________ 
 

5.1 Introduction 
CNS diseases and disorders like Parkinson’s, Alzheimer’s, stroke and epilepsy are currently 

among the major global health concerns and are second only to cardiovascular diseases, as 

per Lancet Neurology and the Global Burden of Diseases (Agrawal et al., 2018; Wang et al., 

2024). Approximately, 805 million people worldwide are affected due to CNS diseases and 

disorders and among them, OUD affects a significant proportion (Wang et al., 2024). BUP and 

NLX are one of the most preferred drugs in the treatment of OUD, but due to their plasma half-

life and oral bioavailability, they have major drawbacks (Mooney and Saxon, 2019; Saari et 

al., 2024). However, through the combination of enhancements in pharmacology and 

advanced DDSs, the poor pharmacokinetic and pharmacodynamic properties of BUP and NLX 

can be resolved. 

 

As compared to the other drug delivery routes available, the nasal route is one of the most 

preferred routes for the delivery of therapeutic agents to the CNS because of the direct 

passage between the nasal mucosa and CNS (Chaturvedi et al., 2011). Additionally, the nasal 

route contributes to therapeutic efficacy by avoiding the first-pass metabolism, allowing for 

increased bioavailability by avoiding systemic exposure, overcoming disadvantages of BBB 

and by providing a more patient compliant alternative, when compared to other delivery routes 

(Cunha et al., 2021). Figure 5.1 represents the intranasal route and key components involved 

in nose-to-brain drug delivery. 

 

Although the nasal route is advantageous, the mucociliary clearance mechanism plays a 

significant role as a barrier to the delivery mechanism and absorption of the therapeutic agents 

(Giunchedi et al., 2020; Gupta and Kumar, 2019). However, with the addition of thermo-

responsive and mucoadhesive polymers that increase the viscosity of the DDSs, the 

mucociliary clearance mechanism can be overcome. This mucoadhesive ISTG formulation 

establishes an electrostatic interaction between the formulation and the mucin present within 

the nasal mucosa, resulting in an increase in the residence time within the nasal cavity 

(Martins et al., 2019). 
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Figure 5.1. Schematic representation of (A) the anatomical features of intranasal route and 
(B) key components involved in delivering nanosystems from the nose to brain (Reproduced 
with permission from Formica et al. (2022), © 2022 The Author(s)). 
 

Poloxamer, also known as Pluronic (Pf-127) is one of the most preferred thermo-responsive 

polymers for nose-to-brain DDSs. It is a non-ionic, hydrophilic triblock copolymer of 

polyoxyethylene-polyoxypropylene-polyoxyethylene (POE-POP-POE) exhibiting thermo-

reversible properties where, it remains as a liquid dosage form at lower or normal room 

temperature and forms a gel at physiological body temperature depending on the 

concentration of Pf-127 used (Paavola et al., 2016; Wang et al., 2024). As per Cunha et al., 

Pf-127 on its own, however, has very less or no mucoadhesive properties therefore, the 

addition of mucoadhesive agent like HPMC is necessary to increase the residence time of the 

formulation within the nasal cavity (Cunha et al., 2022). HPMC is a non-ionic, non-toxic, 

biodegradable and biocompatible polymer with emulsifying, suspending, viscosity-enhancing 

and mucoadhesive properties (Fahmy, 2012; Patel and Bummer, 2017). Therefore, the 

combination of Pf-127 and HPMC is majorly used for the preparation of nose-to-brain 

mucoadhesive ISTG DDS. Additionally, the incorporation of nanosystems within the ISTG 

matrix is considered as an effective way to deliver drugs to the CNS, as it acts as a protective 

barrier against enzymatic degradation and mucociliary clearance of the therapeutic 

nanosystem in the nasal passage (Akilo et al., 2019; Cunha et al., 2022; Wu et al., 2007). 

 

The NLX- and BUP- loaded SLNs dispersion as formulated in Chapter 3 and 4, respectively, 

possesses low viscosity and low mucoadhesiveness which can potentially hinder their nasal 

residence time, leading to decreased nasal systemic absorption and decreased nose-to-brain 
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drug delivery. Therefore, both BUP- and NLX- loaded SLNs dispersion were formulated in the 

form of ISTG, which remains as a liquid dosage form at normal room temperature and 

undergoes sol-gel transition when comes in contact with the physiological intranasal 

temperature i.e. 34 °C, allowing for maximal drug delivery to the CNS. This chapter provides 

for the design and optimization of a sustained-release BUP and NLX containing SLN-loaded 

ISTG (DSLN-loaded ISTG) for the management of OUD with the aim of providing better 

therapeutic efficacy through reduced dosing frequency, reduced dosage, improved 

bioavailability and increased patient compliance. The optimized DSLN-loaded ISTG was 

characterized for its physicochemical properties such as molecular transition, sol-gel transition 

temperature (Tsol-gel), viscosity and thermal behaviour followed by the in vitro drug release 

studies of BUP and NLX. Through ex vivo permeation studies the permeability of BUP- and 

NLX- loaded SLNs from the DSLN-loaded ISTG across the nasal membrane was assessed in 

addition to the drug release from the SLNs after permeation. Lastly, biocompatibility studies 

of the DSLN-loaded ISTG were undertaken using the HEK293 cell line. 

 

5.2 Materials and methods 
5.2.1 Materials 
BUP, GMS, Tween 80, Pf-127, PCL (Avg Mw = 14 000), HPMC, DCM, Ethanol (99%), DMSO, 

Mucin from porcine stomach type II and MTT assay kit were purchased from Sigma-Aldrich 

(St. Louis, Missouri, USA), NLX from Leap Chem (Hangzhou, China), DMEM, FBS, Pen-Strep 

antibiotic solution and DPBS from ThermoFisher Scientific (Randburg, South Africa) and 

HEK293 cells from ATCC (LGC-Standards, South Africa). All other chemicals were of 

analytical grade and used as received. 

 
5.2.2 Preparation and optimization of the ISTG 
The cold method as described by Schmolka et al., was used for the preparation of the ISTG 

(Fatouh et al., 2017; Schmolka, 1972). Briefly, HPMC was added slowly to chilled Milli-Q 

distilled water maintained at 4 °C followed by the slow addition of Pf-127 under constant 

stirring. This mixture was thereafter refrigerated overnight for the complete dissolution of 

HPMC and Pf-127 to form the ISTG and freeze-dried using a lyophilizer to obtain dry powder. 

The solution form of ISTG were used for the primary screening of Tsol-gel, viscosity and 

mucoadhesion. The freeze-dried ISTG were formulated to increase the shelf-life of the 

formulation and avoid the premature release of the loaded drugs from the SLNs into the ISTG. 

For the optimization of ISTG, various formulations comprising of different concentrations of Pf-

127 and lyophilized (LYO) Pf-127 along with HPMC were formulated which are represented 

in Table 5.1. and the optimized ISTG was determined based on their Tsol-gel, viscosity and 

mucoadhesion. 
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Table 5.1. Formulations comprising of different concentrations of Pf-127 and HPMC along 
with Pf-127. 

Formulations 
17% Pf-127 

19% Pf-127 

21% Pf-127 

17% Pf-127 LYO 

17% Pf-127+0.1% HPMC LYO 

17% Pf-127+0.2% HPMC LYO 

17% Pf-127+0.3% HPMC LYO 

 
5.2.2.1  Determination of the ISTG Tsol-gel 
5.2.2.1.1 Stirring magnetic bar method 
The stirring magnetic bar method (n = 3), as described by Dorraj and Moghimi was used for 

the determination of the Tsol-gel of all ISTGs (Dorraj and Moghimi, 2015). Briefly, for this 

analysis, 10 mL of each formulation was placed in a 50 mL beaker and observed over 10 to 

40 °C, while stirring at 200 rpm using a magnetic bar over a magnetic stirrer, as represented 

in Figure 5.2. The temperature at which the magnetic bar stopped motion was considered as 

Tsol-gel. 

 

 
Figure 5.2. Representation of the magnetic stirrer assembly used for the stirring magnetic bar 
method. 
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5.2.2.1.2 Temperature ramp method 
The Tsol-gel i.e. temperature ramp measurements of all formulated ISTGs was undertaken using 

the ThermoHaake MARS Modular Advanced Rheometer (Thermo Fischer Scientific, 

Karlsruhe, Germany) fitted with a cone and plate, having geometrical parameters of 3.5 cm 

diameter and cone angle of 1° (Akilo et al., 2019). All formulations were analysed over a range 

of 15 to 40 °C and at a constant frequency of 1 Hz with the Tsol-gel assessed using the generated 

temperature-ramp graph. 

 

5.2.2.2 Analysis of the ISTG viscosity 
The ThermoHaake MARS Modular Advanced Rheometer was used for the determination of 

gel viscosity. The temperature-ramp method used for the determination of Tsol-gel was further 

utilized to determine the viscosity of the formulations at each temperature point. The viscosity 

at 34 °C for all the formulated ISTGs was considered in this analysis due to the physiological 

temperature of the nasal cavity being 34 °C (Cunha et al., 2022). 

 

5.2.2.3 Determination the gel strength and mucoadhesion 
Simulated nasal mucus, used for the physical property assessments of all the ISTGs, was 

prepared by dissolving 8% mucin from porcine stomach type II, 7.5 mg/mL NaCl, 1.3 mg/mL 

KCl and 0.3 mg/mL CaCl2 2H2O. A TA-XT2 Texture Analyser (TA) (Stable Micro Systems, 

Surrey, UK) (n = 3) was used for the assessment of gel strength and mucoadhesion of the 

formulations (Cunha et al., 2022; Masiuk et al., 2016). For the experiment, the temperature 

control chamber was maintained at 34 °C, a 0.5 mm diameter cylindrical probe to which the 

pig nasal membrane dipped in simulated nasal mucus was attached, with a load cell of 5 kg, 

trigger force of 0.5 N and test speed of 3 mm/second used. The porcine nasal membrane was 

sourced from the Wits Research Animal Facility (WRAF), University of the Witwatersrand 

under ethics waiver number 10-11-2023-O. The graph of force versus time obtained from the 

TA was used for the determination of gel strength and mucoadhesion. 

 

5.2.3 Preparation of the DSLN-loaded ISTG 
The NLX- and BUP- loaded SLNs equivalent to 1 mg NLX and 4 mg BUP, respectively, were 

added to the optimized ISTG (17% Pf-127+0.3% HPMC) and stirred for 2 minutes for the 

complete dispersion of both SLNs in the optimized ISTG. The DSLN-loaded ISTG was 

thereafter freeze dried in a lyophilizer to obtain a dry powder. 
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5.2.4 Characterization of the DSLN-loaded ISTG 
5.2.4.1 Molecular structure assessment 
All the starting materials used for formulating the DSLN-loaded ISTG including for both the 

freeze-dried drug-free SLN-loaded ISTG (SLNs with no drug loaded) and DSLN-loaded ISTG 

were analysed for the molecular transitions and interactions using a PerkinElmer ATR-FTIR. 

The instrumental parameters for analysis were as described in Chapter 3 (3.2.3.5.4) to obtain 

the FTIR spectra. 

 

5.2.4.2 Determination of the Tsol-gel 
5.2.4.2.1 Stirring magnetic bar method 
The stirring magnetic bar method (n = 3) as described by Dorraj et al., discussed in 5.2.2.1.1 

was used for the determination of Tsol-gel of the drug-free SLN-loaded ISTG  and DSLN-loaded 

ISTG (Dorraj and Moghimi, 2015). 

 

5.2.4.2.2 Temperature ramp method 
The Tsol-gel i.e. temperature ramp measurements of the drug-free SLN-loaded ISTG and DSLN-

loaded ISTG was done using the ThermoHaake MARS Modular Advanced Rheometer, as 

discussed in 5.2.2.1.2 (Akilo et al., 2019). 

 

5.2.4.3 Analysis of the ISTG viscosity 
The ThermoHaake MARS Modular Advanced Rheometer was used for the determination of 

gel viscosity (n = 3) as discussed in 5.2.2.2 for the drug-free SLN-loaded ISTG and DSLN-

loaded ISTG. 

 

5.2.4.4 Determination of gel strength and mucoadhesion 
A TA was used for the assessment of gel strength (n = 3) and mucoadhesion (n = 3) as 

discussed in 5.2.2.3 for drug-free SLN-loaded ISTG and DSLN-loaded ISTG. 

 

5.2.4.5 Assessment of the freeze-dried DSLN-loaded ISTG dispersion time and sol-gel 
transition time 

The freeze-dried DSLN-loaded ISTG was added to Milli Q-distilled water and observed 

manually under time control until complete dispersion had occurred. The time taken (n = 3) for 

the complete dispersion of the formulation was considered to be the dispersion time of the 

freeze-dried DSLN-loaded ISTG. 

 

As represented in Figure 5.2, the magnetic stirrer assembly was used for the determination of 

the sol-gel transition time (n = 3). The formulation-containing beaker along with a magnetic 
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stirrer bar was placed in a water bath maintained at 34 °C. The time taken for the magnetic 

stirrer bar to stop its motion is considered to be the sol-gel transition time. 

 

5.2.4.6 Determination of the thermal characteristics 

5.2.4.6.1 DSC analysis 

All the starting materials used for formulating the DSLN-loaded ISTG including for both the 

freeze-dried drug-free SLN-loaded ISTG and DSLN-loaded ISTG were analysed as discussed 

in Chapter 3 (3.2.3.5.5) for their thermal properties using a DSC. 

 

5.2.4.6.2 TGA analysis 

The thermal degradation temperatures of all the starting materials used for formulating the 

DSLN-loaded ISTG including for both the freeze-dried drug-free SLN-loaded ISTG and DSLN-

loaded ISTG were determined using a TGA, as discussed in Chapter 3 (3.2.3.5.6). 

 

5.2.4.7 In vitro drug release studies 
In vitro drug release studies (n = 3) of the DSLN-loaded ISTG were done using the dialysis 

bag diffusion method as discussed in Chapter 3 (3.2.3.3.3) where, the concentration of BUP 

and NLX released from the DSLN-loaded ISTG to PBS was analysed and measured using 

Reverse Phase-High Performance Liquid Chromatography (RP-HPLC) analysis. 

 

5.2.4.7.1 High Performance Liquid Chromatography analysis 

The RP-HPLC method developed and validated by Mundhey et al. was used for the 

simultaneous detection and quantification of BUP and NLX (Mundhey et al., 2016). A Waters 

C18 column (250 x 4.6 mm, 5 μm) and mobile phase comprised of acetonitrile and 0.05 M 

KH2PO4 buffer (1 mL orthophosphoric acid and pH adjusted to 6 using triethylamine) in the 

ratio of 75:25, degassed under sonication, was used for the analysis. Additionally, a flow rate 

of 1 mL/min and a detection wavelength of 285 nm was used. The retention times of BUP and 

NLX were 12.270 minutes and 3.210 minutes, respectively. A typical HPLC chromatogram for 

the quantification of BUP and NLX is provided in Figure 5.3. 
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Figure 5.3. Representation of the chromatograms of standard solution of BUP (100 μg/mL) 
and NLX (100 μg/mL). 
 

For the simultaneous quantification of BUP and NLX a calibration curve (Figure 5.4) i.e. a 

relation between concentration and area under the curve (AUC) was constructed using the 

HPLC. Various concentrations of NLX (0 - 200 μg/mL) and BUP (0 - 200 μg/mL) were analysed 

at 285 nm to obtain the AUC values of the respective concentrations for the quantification of 

NLX and BUP. 
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Figure 5.4. The constructed calibration curve for simultaneous quantification of BUP and NLX. 
 
5.2.4.8 Ex vivo permeability studies 
Ex vivo permeation studies (n = 3) were conducted on pig nasal mucosa membrane using a 

Franz diffusion cell to determine the permeability of the SLNs across the nasal membrane 

prior to the release of the loaded BUP and NLX. The porcine nasal mucosal tissue was stored 

in PBS solution (pH 7.4) at -80 °C. The nasal mucosa was mounted and stabilized on a Franz 

diffusion cell assembly, which contained 12 mL PBS solution (pH 6.8, simulating the nasal 

fluid pH condition) in the receptor compartment, as represented in Figure 5.5. The DSLN-

loaded ISTG equivalent to 4 mg BUP and 1 mg NLX was re-dispersed in 3 mL PBS (pH 6.8) 

solution and placed in the donor compartment of capacity 3 mL. Samples from donor 

compartment i.e. 0.3 mL were withdrawn at predetermined time intervals i.e. 0, 0.25, 0.5, 1, 2, 

3, 4, 5, 6, 7 and 8 hours, respectively and to maintain the sink conditions equal volume (0.3 

mL) of PBS solution was added to the receptor compartment. The concentration of BUP and 

NLX permeated from the DSLN-loaded ISTG through nasal mucosa to the receptor 

compartment was analysed and measured after 7 days of incubation at 37 °C using HPLC 

analysis as the complete release of BUP and NLX from the SLNs take 7 days (proved in 

Chapter 3, Section 3.3.3.3 and Chapter 4, Section 4.3.3.3). As a control, all release samples 

were placed at 37 °C for 7 days to ensure that no SLNs were extracted during the sample 

withdrawal process. 
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Figure 5.5. Representation of the franz diffusion assembly used for the ex vivo permeation 
studies of DSLN-loaded ISTG. 
 

5.2.5 Cell culture and cytotoxicity studies 
5.2.5.1 Cell culture 
The HEK293 cells were maintained, cultured and seeded as discussed in Chapter 3 (3.2.4.1) 

and the treatments i.e. ISTG and DSLN-loaded ISTG both equivalent to 2.5:0.625 - 320:80 

μg/mL concentration of BUP:NLX were thereafter prepared in serial dilutions using DPBS. 

 

5.2.5.2 Cytotoxicity studies using MTT assay kit 
Cell viability, through the determination of mitochondrial activity of living cells was measured 

by quantitative colorimetric assay using MTT (n = 3), as discussed in Chapter 3 (3.2.4.2), and 

using the absorbance values obtained, the relative cell viability was calculated using Equation 

3.3. 

 

5.2.6 Statistical analysis 
All analyses were conducted in triplicate (n = 3) with Microsoft Excel used to express the mean 

and standard deviation of the obtained results. P values of less than 0.05 (p < 0.05) were 

considered to be an indication of statistical significance. OriginPro 2025 was additionally used 

for the graphical representation of all results obtained. 

 

5.3 Results and discussion 
5.3.1 Preparation, characterization and optimization of ISTG 
5.3.1.1 Determination of the Tsol-gel 
5.3.1.1.1 Stirring magnetic bar method 
As per Bayanati et al., the acceptable temperature range of ISTG for nose to brain drug 

delivery is within 25 to 37 °C (Bayanati et al., 2021). Table 5.2 represents the Tsol-gel results 
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obtained for all the pre-formulated ISTG. ISTG consisting of 17%, 19% and 21% Pf-127 was 

formulated and from the results obtained, 17% Pf-127 (28 ± 0.3 °C) was within the acceptable 

range and consistent with the study by Akilo et al. (2019). Additionally, from the results 

obtained for 17% Pf-172 and 17% Pf-127 LYO (30.1 ± 0.4 °C) it can be stated that after 

lyophilization, the Tsol-gel was increased and more compatible for nose-to-brain drug delivery. 

 

HPMC was added to the Pf-127 solution to increase the mucoadhesive strength of the 

formulation. From the results obtained for the lyophilized 0.1%, 0.2% and 0.3% HPMC added 

to 17% Pf-127 it can be noted that with the increase in HPMC concentration, the Tsol-gel 

decreases, which falls in line with previous studies and 17% Pf-127+0.3% HPMC LYO 

formulation was considered as the optimized gel formulation for nose-to-brain drug delivery 

based on the Tsol-gel (Rao et al., 2017). 

 

Table 5.2. The Tsol-gel results (n = 3) obtained for all the formulated ISTGs using the magnetic 
stirrer bar method. 

Formulations Tsol-gel (°C) 
17% Pf-172 28 ± 0.3 

19% Pf-127 26.1 ± 0.4 

21% Pf-127 24.1 ± 0.3 

17% Pf-127 LYO 30.1 ± 0.4 

17% Pf-127+0.1% HPMC LYO 33.11 ± 0.4 

17% Pf-127+0.2% HPMC LYO 31.8 ± 0.3 

17% Pf-127+0.3% HPMC LYO 30.9 ± 0.2 

 

5.3.1.1.2 Temperature ramp method 
In the temperature ramp method, the storage modulus (G’) and loss modulus (G”) of the 

formulations are taken into consideration which are plotted against temperature as 

represented in Figure 5.6 for the Tsol-gel. When the G” value is greater than G’, the formulation 

is considered to be in the liquid phase but when the G’ value is greater than G”, the formulation 

is found to be in the gel phase (Ramli et al., 2022). The Tsol-gel results of the formulated ISTG 

iterations obtained using the temperature ramp method are represented in Table 5.3. From 

the results obtained, it was concluded that 17% Pf-127+0.3% HPMC formulation is considered 

to be the optimized ISTG, aligning to the stirrer-bar method results, as it was within the 

acceptable Tsol-gel for nose-to-brain DDS. 
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Figure 5.6. Representation of the temperature ramp graph for the Tsol-gel of the optimized ISTG 
(17% Pf-127+0.3% HPMC LYO). 
 

Table 5.3. The Tsol-gel (n = 3) results obtained for the formulated ISTG iterations using the 
temperature ramp method. 

Formulation Tsol-gel (°C) 
17% Pf-172 24.67 ± 0.61 

19% Pf-127 22.29 ± 0.59 

21% Pf-127 20.71 ± 0.62 

17% Pf-127 LYO 25.99 ± 0.11 

17% Pf-127+0.1% HPMC LYO 30.65 ± 0.57 

17% Pf-127+0.2% HPMC LYO 29.63 ± 0.55 

17% Pf-127+0.3% HPMC LYO 28.66 ± 0.58 

 

5.3.1.2 Analysis of the ISTG viscosity 
The viscosity results of all the formulated ISTG iterations obtained using the temperature ramp 

method are represented in Table 5.4. The obtained results were consistent with the study by 

Sridhar et al. (2018) and further validate the use of the 17% Pf-127+0.3% HPMC formulation 

composition as the optimized ISTG due to its high viscosity and therefore resistance to 

mucociliary clearance resulting in longer residence time within the nasal passage. 
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Table 5.4. The ISTG viscosity (n = 3) results obtained for the formulated ISTG iterations. 
Formulation Viscosity (Pa second) 

17% Pf-127 LYO 10.56 ± 0.52 

17% Pf-127+0.1% HPMC LYO 11.82 ± 0.23 

17% Pf-127+0.2% HPMC LYO 13.48 ± 0.25 

17% Pf-127+0.3% HPMC LYO 14.12 ± 0.28 

 

5.3.1.3 Determination of gel strength and mucoadhesion 

The time taken by the probe to which the pig nasal membrane dipped in simulated nasal 

mucus to attach and thereafter detach itself from the formulations is considered to be the gel 

strength of all the ISTGs. The gel strength of all the ISTGs are represented in Figure 5.7, 

where the time taken for the detachment of the probe for freeze dried 17% Pf-127, 0.1%, 0.2% 

and 0.3% HPMC added to 17% Pf-127 were found to be 0.06 ± 0.053, 1.13 ± 0.025, 1.91 ± 

0.036 and 2.85 ± 0.035 minutes, respectively, and comparable with the results obtained by 

Salatin et al. (2018). Additionally, from the results obtained it can be stated that with the 

increasing concentration of HPMC, the gel strength increased which is considered suitable for 

holding the SLNs within the gel matrix. 

 

 
Figure 5.7. Representation of the gel strength (n = 3) of freeze dried 17% Pf-127, 17% Pf-
127+0.1% HPMC, 17% Pf-127+0.2% HPMC and 17% Pf-127+0.3% HPMC. 
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The force required for the probe to which the pig nasal membrane dipped in simulated nasal 

mucus was attached to detach itself from the formulations is considered to be the 

mucoadhesion of all the ISTGs. The higher the force required for the detachment of the probe, 

higher will be the mucoadhesion. The mucoadhesive strength of all the ISTGs are represented 

in Figure 5.8, where the force required for the detachment of the probe for freeze dried 17% 

Pf-127, 0.1%, 0.2% and 0.3% HPMC added to 17% Pf-127 were found to be 0.012 ± 0.0005, 

0.030 ± 0.0002, 0.048 ± 0.0004 and 0.069 ± 0.0004 N, respectively, and consistent with the 

results obtained by Wang et al. (2017). Additionally, from the results obtained it can be stated 

that with the increasing concentration of HPMC, the mucoadhesion increased which helps to 

overcome the mucociliary clearance rate. 

 

 
Figure 5.8. Representation of the gel mucoadhesion (n = 3) of freeze dried 17% Pf-127, 17% 
Pf-127+0.1% HPMC, 17% Pf-127+0.2% HPMC and 17% Pf-127+0.3 HPMC. 
 
5.3.2 Characterization of the DSLN-loaded ISTG 
5.3.2.1 Molecular structure assessment 
The FTIR spectra of all the starting materials, including the optimized drug-free SLN-loaded 

ISTG and DSLN-loaded ISTG, are represented in Figure 5.9. The characteristic FTIR peaks 

of GMS, PCL, NLX, unloaded SLNs and NLX-loaded SLNs are discussed in Chapter 3 

(3.3.3.4) and for BUP and BUP-loaded SLNs in Chapter 4 (4.3.3.4). The characteristic FTIR 

peaks of Pf-127: 2883 cm-1 (C-H stretching), 1343 cm-1 (O-H bending) and 1104 cm-1 (C-O-C 
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stretching) were present, which were similar to that described in previous research (Karolewicz 

et al., 2014). FTIR peaks of HPMC: 3447 cm-1 (O-H stretching), 2890 cm-1 (C-H stretching), 

1342 cm-1 (O-H bonding) and 1064 cm-1 (C-O) were present and consistent with the study by 

Iqbal et al. (2017). The optimized freeze-dried ISTG revealed peaks at 2877 cm-1 (C-H 

stretching), 1341 cm-1 (O-H bending) and 1100 cm-1 (C-O-C stretching). Analysis of the FTIR 

spectra of the optimized freeze-dried drug-free SLN-loaded ISTG showed peaks at 2887 cm-

1 (C-H stretching), 1342 cm-1 (O-H bending) and 1099 cm-1 (C-O-C stretching). The optimized 

DSLN-loaded ISTG showed the same or similar characteristic peaks as ISTG and drug-free 

SLN-loaded ISTG at 2882 cm-1 (C-H stretching), 1342 cm-1 (O-H bending) and 1097 cm-1 (C-

O-C stretching) validating the synthesis of ISTG and consistent with the results obtained by 

Alves et al. (2018). The characteristics peaks of SLNs, BUP-loaded SLNs and NLX-loaded 

SLNs were absent, indicating the complete encapsulation of them within the ISTG. 
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Figure 5.9. FTIR spectra of (a) Pf-127, ISTG, drug-free SLN-loaded ISTG (SLN-ISTG) and 
DSLN-loaded ISTG (DSLN-ISTG), (b) unloaded SLNs (B-SLN), NLX-loaded SLN (NLX-SLN), 
BUP-loaded SLNs (BUP-SLN) and HPMC and (c) GMS, PCL, BUP and NLX. 
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5.3.2.2 Determination of the Tsol-gel 
5.3.2.2.1 Stirring magnetic bar method 
The Tsol-gel for drug-free SLN-loaded ISTG and DSLN-loaded ISTG was found to be 32.5 ± 0.5 

°C and 34.7 ± 0.2 °C, respectively, which were within the acceptable range for nose-to-brain 

DDS and consistent with the previous studies (Cunha et al., 2022). Additionally, with the 

incorporation of SLNs and drug containing SLNs, the Tsol-gel of the optimized ISTG was 

increased. The results obtained using this method were further verified using the temperature 

ramp method (5.3.3.1.2). 

 

5.3.2.2.2 Temperature ramp method 
The Tsol-gel of the optimized drug-free SLN-loaded ISTG and DSLN-loaded ISTG were found 

to be 30.92 ± 0.98 °C and 32.91 ± 0.94 °C, respectively, which are graphically represented in 

Figure 5.10 and were found to be within the acceptable range for nose-to-brain DDS. 

 

 
Figure 5.10. Representation of the temperature ramp graphs for the Tsol-gel of the optimized 
(a) drug-free SLN-loaded ISTG (SLN-ISTG) and (b) DSLN-loaded ISTG (DSLN-ISTG). 
 

5.3.2.3 Analysis of the DSLN-loaded ISTG viscosity 
The viscosity of the optimized drug-free SLN-loaded ISTG and DSLN-loaded ISTG were found 

to be 16.47 ± 0.36 and 17.17 ± 0.26 Pa second, respectively, which were found to be 

acceptable for the nose-to-brain drug delivery, as it helps to overcome the mucociliary 

clearance rate and increase the residence time of the formulation within the nasal cavity, 

providing enough time for the complete uptake of drug-loaded SLN into the CNS. The obtained 

results were found consistent with the study by Sridhar et al. (2018). 
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5.3.2.4 Determination of gel strength and mucoadhesion 
Gel strength helps in determining the capacity of the gel to withstand external force and the 

capacity of the gel to entrap SLNs within the gel matrix. As discussed in 5.3.1.3, the higher 

the time taken for the detachment of the probe, the higher the gel strength will be. The gel 

strength of the drug-free SLN-loaded ISTG and DSLN-loaded ISTG were found to be 2.42 ± 

0.036 and 2.32 ± 0.035 minutes, respectively, and comparable with the results obtained by 

Salatin et al. (2018). From the results obtained it can be stated that with the increasing 

concentration of other excipients such as SLNs and drug-loaded SLNs, the gel strength 

decreased but capable of delivering drug-loaded SLNs in the form of ISTG via nose-to-brain 

DDS. 

 

As discussed in 5.3.1.3, the higher the force required for the detachment of the probe, the 

higher the mucoadhesion will be. The mucoadhesive strength of the drug-free SLN-loaded 

ISTG and DSLN-loaded ISTG were found to be 0.049 ± 0.0006 and 0.046 ± 0.0006 N, 

respectively, and consistent with the results obtained by Wang et al. (2017). From the results 

obtained it can be stated that with the increasing concentration of other excipients such as 

SLNs and drug-loaded SLNs, the mucoadhesion decreased, but both the formulations were 

noted to be still capable to overcome the mucociliary clearance rate and increase the 

residence time of the formulation within the nasal cavity for the complete uptake of the drug-

loaded SLNs into the CNS. 

 

5.3.2.5 Assessment of the freeze-dried DSLN-loaded ISTG dispersion time and sol-gel 
transition time 

The dispersion time of the optimized freeze-dried drug-free SLN-loaded ISTG and DSLN-

loaded ISTG were found to be 30.17 ± 1.75 and 32.83 ± 2.25 minutes, respectively, indicating 

a decrease in dispersion time of the optimized ISTG which makes the formulations more 

patient compliant, as the initial dissolution time of Pf-127 and HPMC was observed to be 

overnight in the synthesis phase. Additionally, Figure 5.11 represents the transition of the 

freeze-dried DSLN-loaded ISTG after complete dispersion. The time taken for the sol-gel 

transition at 34 °C of the freeze-dried drug-free SLN-loaded ISTG and DSLN-loaded ISTG 

were found to be 1.08 ± 0.14 and 1.25 ± 0.25 minutes, respectively, indicating an immediate 

sol-gel phase transition, leading to an increased residence time of the formulations within the 

nasal cavity. The results achieved are comparable with the results obtained by El Taweel et 

al. (2021) and Rao et al. (2017). 
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Figure 5.11. Representation of the complete dissolution of (a) freeze dried DSLN-loaded ISTG 
powder to form a (b) uniform liquid dispersion. 
 

5.3.2.6 Determination of thermal characteristics 
5.3.2.6.1 DSC analysis 

DSC analysis was performed on all the starting materials, as well as on the optimized ISTG, 

drug-free SLN-loaded ISTG and DSLN-loaded ISTG, for the determination of their thermal 

behaviours, as represented in Figure 5.12. The DSC analysis of GMS, PCL, NLX, unloaded 

SLNs and NLX-loaded SLNs are discussed in Chapter 3 (3.3.3.5) and for BUP and BUP-

loaded SLNs in Chapter 4 (4.3.3.5). Pf-127 showed an endothermic peak at 58 °C and HPMC 

showed an endothermic peak at 72.17 °C and an exothermic peak at 380.33 °C, which are 

comparative to previous studies (Karolewicz et al., 2014; Rani et al., 2015). The optimized 

freeze-dried ISTG showed an endothermic peak at 57.83 °C and characteristic exothermic 

peaks at 140.17 °C and 380.83 °C. The optimized drug-free SLN-loaded ISTG showed an 

endothermic peak at 56.83 °C and exothermic peaks at 148.83 °C and 383.5 °C. Furthermore, 

the optimized DSLN-loaded ISTG showed the same or similar endothermic peak at 56.68 °C 

and exothermic peaks at 154.17 °C and 379 °C to ISTG and drug-free SLN-loaded ISTG, 

indicating the synthesis of ISTG. Additionally, it can be verified that all three optimized 

formulations were composed of Pf-127 and HPMC as, the formulations had the characteristic 

endothermic peak of Pf-127 (58 °C) and the characteristic exothermic peak of HPMC (380.33 

°C), which are comparative to the results obtained in previous study (Parhi, 2016). The 
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absence of all the characteristic peaks of SLNs, BUP-loaded SLNs and NLX-loaded SLNs 

indicate the complete encapsulation of them with the gel matrix of ISTG. 

 

 
Figure 5.12. DSC thermograms of (a) DSLN-loaded ISTG (DSLN-ISTG), drug-free SLN-
loaded ISTG (SLN-ISTG), ISTG and Pf-127, (b) HPMC, BUP-loaded SLNs (BUP-SLN), NLX-
loaded SLNs (NLX-SLN) and unloaded-SLNs (B-SLN) and (c) BUP, NLX, PCL and GMS used 
for the synthesis of optimized DSLN-loaded ISTG. 
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5.3.2.6.2 Thermogravimetric analysis 

TGA analysis was done on all the starting materials, as well as on the optimized ISTG, drug-

free SLN-loaded ISTG and DSLN-loaded ISTG, as represented in Figure 5.13 to determine 

their degradation rates. The %weight loss of GMS, PCL and unloaded SLNs are discussed in 

Chapter 3 (3.3.3.6) and for BUP in Chapter 4 (4.3.3.6). The %weight loss of the optimized 

ISTG, drug-free SLN-loaded ISTG and DSLN-loaded ISTG started at 314.6 °C, 334.3 °C and 

328.6 °C, respectively. By the end i.e. 600 °C, 2.01% of ISTG remained undegraded indicating 

the presence of HPMC in the formulation composition, as 9.55% of HPMC remained 

undegraded. Furthermore, 7.57% and 9.59% of drug-free SLN-loaded ISTG and DSLN-loaded 

ISTG, respectively remained undegraded at end of 600 °C, indicating the presence of HPMC 

and SLN within the formulation, as 9.55% of HPMC and 4.99% of SLN remained undegraded 

at 600 °C, which is comparative with the results obtained by Hassan et al. (2022) in his study. 

Additionally, 2.02% of DSLN-loaded ISTG was found more as compared to drug-free SLN-

loaded ISTG indicating the presence of BUP (14.88%) and NLX (40.84%) within the 

formulation. 

 

 
Figure 5.13. TGA thermograms of the ISTG, drug-free SLN-loaded ISTG (SLN-ISTG) and 
optimized DSLN-loaded ISTG (DSLN-ISTG) including all the materials used for the synthesis 
of DSLN-loaded ISTG. 
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5.3.2.7 In vitro drug release studies 
In vitro drug release studies were conducted to determine the release profile of BUP and NLX 

from the optimized DSLN-loaded ISTG. Approximately 50% of BUP and NLX were released 

from the DSLN-loaded ISTG by the end of day 3 (72 hours) and the remaining 50% of BUP 

and NLX were released over a period of the next 4 days (96 hours), indicating a release profile 

of BUP and NLX over a period of 7 days (168 hours), as represented in Figure 5.14. With the 

achievement of this release profile of BUP and NLX, it can be confirmed that the release profile 

of BUP and NLX from the SLNs were not affected by the ISTG as both NLX-loaded SLNs 

(Chapter 3, Section 3.3.3.3) and BUP-loaded SLNs (Chapter 4, Section 4.3.3.3) had a release 

profile over 7 days which is the same for DSLN-loaded ISTG. 

 

 
Figure 5.14. Representation of the in vitro drug release profile of BUP and NLX from the 
optimized DSLN-loaded ISTG (n = 3). 
 
5.3.2.8 Ex vivo permeability studies 
Ex vivo SLNs permeability studies were conducted to determine the permeation rate of BUP-

loaded SLNs and NLX-loaded SLNs from the optimized DSLN-loaded ISTG across the pig 

nasal membrane. This study was done to mimic the permeation of drug-loaded SLNs from the 

optimized DSLN-ISTG across the human nasal membrane into the CNS. Using the HPLC 
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analysis, approximately 50% of BUP-loaded SLNs and NLX-loaded SLNs were found to be 

permeated from the DSLN-loaded ISTG by the end of 5 hours and the remaining, 

approximately 22% over a period of next 2 hours, indicating that the permeation rate of BUP-

loaded SLNs and NLX-loaded SLNs was over a period of 7 hours, as represented in Figure 

5.15. The HPLC analysis of the collected samples when done after 4 hours (i.e. at 12 hours) 

of sample collection a cumulative release of BUP and NLX was found to be 40% and when 

the same samples were analysed after 7 days of incubation in an orbital shaker maintained at 

37 °C, showed a cumulative release of 72%. When both the results of HPLC analysis i.e. 12 

hours and 7 days were compared, it can be stated that the drug-loaded SLNs had permeated 

across the nasal membrane and that the premature release of NLX and BUP from the DSLN-

ISTG did not occur. From this study it was concluded that drug-loaded SLN equivalent to 72% 

of BUP and NLX permeated across the nasal membrane from the DSLN-ISTG without 

affecting the release profile of BUP- and NLX- loaded SLNs. 

 

 
Figure 5.15. Representation of the ex vivo drug permeation profile of BUP and NLX from the 
optimized DSLN-loaded ISTG (n = 3). 
 

5.3.3 Cell culture and cytotoxicity studies 
The assessment for potential cytotoxicity (n = 3 and p ≤ 0.001 indicating the results are 
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statistically significant) of the DSLN-loaded ISTG on HEK293 cells is represented in Figure 

5.16. The cytocompatibility of NLX, unloaded SLNs and NLX-loaded SLNs are discussed in 

Chapter 3 (3.3.3.7) and for BUP and BUP-loaded SLNs in Chapter 4 (4.3.3.7). Additionally, to 

determine the cytocompatibility of various concentrations of ISTG (equivalent to 2.5:0.625-

320:80 μg/mL concentration of BUP:NLX) and DSLN-loaded ISTG (equivalent to 2.5:0.625-

320:80 μg/mL concentration of BUP:NLX) were incubated for 24, 48 and 72 hours and 

compared to a positive control or untreated cells. Figure 5.17 represents the microscopic 

imaging of positive control, negative control, BUP-loaded SLNs, NLX-loaded SLNs, ISTG and 

DSLN-loaded ISTG treated cells taken after 48 hours using an inverted microscope with a 4× 

magnification. After 24 hours, the maximum concentration of ISTG and DSLN-loaded ISTG 

showed a cell viability of 94.26 ± 0.014% and 92.63 ± 0.032%, respectively, whereas the 

minimum concentrations showed 97.5 ± 0.053% and 96.02 ± 0.044% cell viability. At 48 hours, 

the maximum concentration of ISTG and DSLN-loaded ISTG showed cell viability of 88.38 ± 

0.045% and 86.41 ± 0.035%, respectively, whereas the minimum concentrations showed 

93.49 ± 0.048% and 91.40 ± 0.037% cell viability, while after 72 hours, the maximum 

concentration of ISTG and DSLN-loaded ISTG showed cell viability of 86.96 ± 0.113% and 

84.86 ± 0.039%, respectively, while the minimum concentrations showed 91.99 ± 0.034% and 

87.74 ± 0.039% cell viability. Statistical evaluation of the data noted a statistical significance 

at all time points and concentrations (p < 0.01), when compared to the positive control, due to 

the low variability between samples and the consistent values across sample runs. However, 

as per ISO 10993-5, %cell viability above 80% are considered non-cytotoxic; within 80% - 

60% weakly; 60% - 40% moderately and below 40% strongly cytotoxic (López-García et al., 

2014). Thus, from the data obtained it can be concluded that the ISTG and DSLN-loaded ISTG 

showed good cytocompatibility, as even after 72 hours, none of the %cell viability dropped 

below 80%, indicating no cytotoxic effect was observed. 
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Figure 5.16. HEK293 cell cytocompatibility after treatment with various concentrations of NLX, 
BUP, unloaded SLNs (SLN), NLX-loaded SLN (NLX-SLN), BUP-loaded SLNs (BUP-SLN), 
ISTG and DSLN-loaded ISTG (DSLN-ISTG) for (a) 24 hours (b) 48 hours and (c) 72 hours (n 
= 3 and p ≤ 0.01 at all cases). 
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Figure 5.17. Representation of the microscopic imaging of (a) the positive control, (b) the 
negative control, (c) the optimized NLX-loaded SLNs, (d) the optimized BUP-loaded SLNs, (e) 
the ISTG and (f) the optimized DSLN-loaded ISTG treated cells. All images were taken after 
48 hours at 4X magnification. 
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5.4 Conclusion 
In this chapter, a DSLN-loaded ISTG was synthesized for the sustained release of BUP and 

NLX, potentially helping in overcoming the poor pharmacokinetic and pharmacodynamic 

properties of BUP and NLX. The DSLN-loaded ISTG was formulated using the cold method, 

where the desired Tsol-gel, viscosity and mucoadhesion were obtained for nose-to-brain DDS. 

The desired physicochemical properties of the DSLN-loaded ISTG were obtained and 

confirmed using FTIR, DSC and TGA, ensuring their desired molecular transition and stable 

thermal behaviour. The maximum entrapment of BUP- and NLX- loaded SLNs were found 

within the ISTG, as in vitro release of BUP and NLX from the DSLN-loaded ISTG was observed 

over a period of one week (7 days), which suggested potential increased bioavailability of BUP 

and NLX across the BBB and an increased residence time at the site of action. Additionally, 

from the ex vivo permeability studies it was concluded that the desired therapeutic dose of 

BUP and NLX permeated across the nasal membrane within 8 hours. The DSLN-loaded ISTG 

additionally showed no significant signs of in vitro cytotoxicity against HEK293 cells, indicating 

their excellent cytocompatibility. Therefore, with the incorporation of NLX-loaded SLNs 

developed in Chapter 3 and BUP-loaded SLNs in Chapter 4 within the optimized ISTG, the 

DSLN-loaded ISTG can be an effective and patient compliant potential treatment option for 

OUD. The sustained release of NLX will give an antagonistic effect and the simultaneous 

sustained release of BUP will provide a partial agonistic as well as partial antagonistic effect 

by helping avoid the opioid-dependent patients from undergoing sudden withdrawal 

symptoms. 

 
 



CHAPTER 6 
CONCLUSIONS, LIMITATIONS and RECOMMENDATIONS 

________________________________________ 
 

6.1. Conclusions 
The efficacy of the therapeutic agents used in the treatment of OUD, are impacted by their 

poor bioavailability, the effects of first-pass metabolism, limited amounts of drug reaching the 

brain due to the BBB and a decreased residence time at the site of action. Additionally, the 

route of administration for the DDSs employed plays a vital role in the effectiveness of the 

therapeutic agents. However, the mentioned barriers can be overcome by the incorporation of 

advanced DDSs to enhance the effectiveness and patient compliance of opioid reversal 

agents. 

 

The review discussed in this research in Chapter 2 extensively mentions the current DDSs 

available and their effectiveness in the treatment of OUD. Using this review as a guide, a 

thermo-responsive, sustained-release BUP- and NLX- loaded SLN nasal spray was 

considered as a potential therapeutic treatment option for OUD. The sustained release of NLX 

was chosen to give an antagonistic effect, while the simultaneous sustained release of BUP 

provides partial agonistic, as well as partial antagonistic effects by helping avoid opioid-

dependent patients from undergoing sudden withdrawal symptoms. 

 

In this study, the polymeric BUP- and NLX- loaded SLNs were synthesized for the sustained 

release of BUP and NLX, overcoming their poor pharmacokinetic properties. The polymeric 

BUP- and NLX- loaded SLNs were successfully formulated using the modified double 

emulsification technique, where the targeted particle size, PDI and zeta potential were 

obtained. Additionally, further verification of the particle size and shape was undertaken using 

SEM imaging ensuring that the SLNs would cross the BBB with ease. The desired 

physicochemical properties of the BUP- and NLX- loaded SLNs were achieved and confirmed 

using FTIR, DSC and TGA ensuring their desired molecular transition and stable thermal 

behaviour. The maximum %EE and %LC of BUP and NLX within the SLNs was further 

obtained and the in vitro release of BUP and NLX from the SLNs was observed over a period 

of one week (7 days), which suggested potential increased bioavailability of BUP and NLX 

across the BBB and increased residence time at the site of action. The BUP- and NLX- loaded 

SLNs additionally showed no significant signs of in vitro cytotoxicity against HEK293 cells, 

indicating their excellent biocompatibility. 
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The formulated BUP- and NLX -loaded SLNs dispersion possessed low viscosity and low 

mucoadhesiveness which can potentially hinder their nasal residence time, leading to 

decreased nasal systemic absorption and decreased nose-to-brain drug delivery. Therefore, 

both BUP- and NLX- loaded SLNs dispersion were formulated in the form of an ISTG, which 

remained as a liquid dosage form at normal room temperature and undergoes sol-gel phase 

transition when encountered the physiological intranasal temperature i.e. 34 °C, allowing for 

maximal adhesion and increased drug delivery to the CNS. The optimized DSLN-loaded ISTG 

was characterized for its physicochemical properties such as molecular transition, Tsol-gel, 

viscosity and thermal behaviour followed by the in vitro drug release studies of BUP and NLX 

where, drug release was observed over a period of 7 days indicating that there was no change 

in the SLNs properties and maintained a sustained release of BUP and NLX. Through ex vivo 

permeation studies the permeability of BUP- and NLX- loaded SLNs from the DSLN-loaded 

ISTG across the pig nasal membrane was assessed where 72% of BUP- and NLX- loaded 

SLNs were found to be permeated within 7 hours indicating an effective uptake of drug loaded 

SLNs into the CNS. Lastly, the biocompatibility studies of DSLN-loaded ISTG were done using 

the HEK293 cell line where the formulation was not found to be cytotoxic. Therefore, it can be 

concluded that with the incorporation of BUP- and NLX- loaded SLNs within the optimized 

ISTG, the DSLN-loaded ISTG can be a potential effective and patient compliant treatment 

option for OUD. 

 

6.2. Limitations and Recommendations 
The current dissertation focuses on the design, formulation and characterization of DSLN-

loaded ISTG as a potential treatment option for OUD. The majority of the preliminary 

characterizations were covered in this study but in terms of sprayability characterization i.e. 

evaluation of mucociliary clearance and nasal residence time, cellular autoimmune responses 

and cytotoxic assessment on nasal endothelial cells can be further conducted. The pre-clinical 

in vivo pharmacokinetic and tolerability assessments using animal studies and a comparative 

study with commercially available OUD treatment regimen in terms of release kinetics and 

delivery efficiency can be carried out for further characterization and validation of the 

formulation as the claims of sustain release and permeation in this research are based on in 

vitro and ex vivo studies. Additionally, a β-arrestin recruitment assay could be carried out to 

determine and analyse the competitive nature of BUP and NLX at the receptor site against 

various opioids. Given the therapeutic application and the presence of burst release in the 

initial phase of drug release, long-term and accelerated stability studies assessing changes in 

particle size, zeta potential, drug content and physical appearance over time can be taken into 

consideration. 
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In terms of novel recommendations, nanoemulsions in place of SLNs is one of the potential 

nanocarriers which could overcome the difficulties that were faced during the study. In terms 

of uniform dispersion and stability, nanoemulsions if modified as per necessity could be more 

beneficial as compared to SLNs. Additionally, in terms of sprayability nanoemulsions could 

have an upper hand as compared to SLNs. The delivery media for the SLNs were also 

designed to be thermo-responsive in this study, but a pH responsive gelling system could be 

one of the potential DDSs that could prove to be advantageous over thermo-responsive DDS, 

as the DDS would have more control over the sol-gel phase transition when compared to a 

thermo-responsive DDS. Furthermore, the current DSLN-loaded ISTG was designed as a 

once off weekly dose, which must be dispersed in distilled water before use. However, with 

the incorporation of advanced DDS concepts more effective modifications can be applied to 

this particular part of the study where the formulation can be dispensed in the form of a 

dispersion without affecting the release profile of BUP and NLX. 

 

The formulated SLN-loaded ISTG in this study can therefore serve as a nose-to-brain DDS 

not only for opioid reversal drugs but also for majority of the drugs acting on the CNS with 

minor adjustments. The developed DDS in this study can open doors to new potential 

treatment options to any disease or disorder related to CNS and provide important concepts 

and methodologies that can facilitate various novel pharmaceutical DDSs and other relevant 

fields of research. 
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