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LAY SUMMARY 

 

 

 
 

Drug addiction is a significant issue that not only impacts individuals but also poses a threat to 

public safety. Opioid substitution therapy (OST) is employed as a treatment for opioid 

addiction; however, it carries the risk of creating dependency on the treatment drug for patients. 

Researchers actively seek alternatives to OST, such as vaccines, to address these concerns. This 

study explored the potential of a nanotechnology-based vaccine expressing morphine and an 

immune-booster Pam3Cys (TLR-2 agonist) on the nanoparticles generated from the Acr1 

antigen of Mycobacterium tuberculosis. The chimeric vaccine is designed to elicit immunity 

against morphine and tuberculosis (TB). 

The vaccine demonstrated the ability to enhance the proliferation of B cells and T cells. The 

vaccinated animals produced high-affinity anti-morphine antibodies, eliminating morphine 

from their bloodstream and brain. Furthermore, the vaccine downregulated opioid receptors, 

thereby preventing morphine from binding to these receptors and neutralising its effects. 

Additionally, the vaccine triggered the production of central memory B cells and T cells. 

Memory cells provide long-term protection against diseases. 

In the future, this vaccine holds promising potential as a prophylactic measure to protect against 

opioid dependency. 



 

 



ABSTRACT 

 

 

 
 

Drug addiction has dire consequences for individuals and significantly threatens public well- 

being. Presently, opioid substitution therapy (OST) relies on buprenorphine, a morphine 

agonist, to address opioid dependency. However, a risk exists of patients developing 

dependence on the treatment drug. Naloxone is employed in OST as a carrier for 

buprenorphine. While naloxone competes with opioids for binding, it can result in various 

adverse effects, including cardiovascular complications, brain tissue damage, and neurological 

disorders. 

Numerous studies have indicated a higher prevalence of tuberculosis (TB) infection among 

individuals struggling with drug addiction. Opioids contribute to immunosuppression, 

rendering individuals more susceptible to TB. Hence, it is crucial to explore alternative 

therapies for opioid addiction. Vaccines have played a vital role in eradicating debilitating 

diseases like poliomyelitis, smallpox, and measles. Similarly, vaccines can serve as a powerful 

tool in mitigating the effects of opioids. 

We utilised nanotechnology and created a novel vaccine displaying morphine and Pam3Cys 

(TLR-2 agonist) on the surface of Acr1 nanoparticles (MAPNV). Acr1, an immunodominant 

antigen of Mycobacterium tuberculosis (Mtb), holds potential as a vaccine candidate against 

TB. 

The MAPNV vaccine demonstrated self-adjuvant properties and stimulated the proliferation 

and differentiation of morphine-specific B cells and Acr1-reactive CD4 T cells. Vaccination 

induced the production of high-affinity anti-morphine antibodies, which effectively eliminated 

morphine from the bloodstream and brain of the animals. Additionally, a downregulation in 

the expression of addiction-associated OPRM and dopamine genes was observed. This 

suggests the vaccine may prevent morphine from binding to opioid receptors and reduce its 

addictive effects. Moreover, a significant increase in the pool of memory CD4 T cells and B 

cells indicates the long-lasting impact of the vaccine. Generating morphine-reactive B cells and 

Acr1-specific CD4 T cells further highlights the vaccine's potential to confer immunity against 

morphine and Mtb. 

In the future, MAPNV holds promise to protect against morphine addiction and TB infection. 
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1.1 Background. Drug addiction, also known as substance use disorder, is a persistent condition 

wherein individuals exhibit compulsive substance abuse despite the detrimental and hazardous 

effects. Various factors contribute to drug addiction, such as self-medication for emotional 

distress, peer pressure, and the pursuit of enhanced physical or mental performance. Addiction 

inflicts physical, psychological, and social harm, including the development of physical 

dependence, which manifests as withdrawal symptoms upon drug discontinuation. Treatment 

for drug addiction typically entails psychotherapy, medication, and lifestyle adjustments. 

Opioid Use Disorder (OUD) represents a prominent substance use condition characterised by 

a chronic and recurring pattern of compulsive opioid consumption, disregarding the detrimental 

consequences. Symptoms associated with this disorder encompass an intense desire for 

opioids, difficulty in controlling usage, persistent engagement in drug use despite risks or harm, 

withdrawal symptoms, tolerance, and occasionally physical dependence. 

 

 

 

 
Fig. 1. Global estimation of the drug users (Figure adapted from World Drug Report 2022, 

UNODC). 

The World Drug Report 2022 reveals that opioid use disorder affects approximately 61 million 

individuals across 130 countries (World Drug Report 2022). Drug use-related deaths account 

for around 0.5 million fatalities globally. Opioids are responsible for over 70% of these deaths, 

with over 30% resulting from overdoses. In 2021, the World Health Organization (WHO) 

reported nearly 0.1 million deaths caused explicitly by opioid overdoses. Non-fatal opioid 

overdoses occur significantly more frequently than fatal cases (World Health Report 2022). 
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There are ten commonly used types of opioids for OUD globally. These include 1. Morphine, 

2. Hydrocodone, 3. Oxycodone, 4. Codeine, 5. Fentanyl, 6. Methadone, 7. Buprenorphine, 8. 

Naloxone, 9. Tramadol, and 10. Hydromorphone. Among them, morphine is widely recognised 

as the primary alkaloid in all opioids, serving as the precursor compound. Its potent analgesic 

properties make it particularly susceptible to abuse (UNODC reports on opioids, 2021). 

Table 1. Types of opioids. 
 

 Natural Semi-synthetic Synthetic 

 
Source 

 

Naturally 

occurring 

Derived from natural 

opioids 

Synthesised 

independently 

Chemical Structure Typical Similar Dissimilar 

 
Examples 

 
Morphine Codeine 

Hydromorphone 

Oxymorphone 

Hydrocodone 

Oxycodone Heroin 

Methadone Fentanyl 

Meperidine 

Tramadol 

 
 

Morphine, a potent opioid analgesic, is widely utilised to manage moderate to severe pain. Its 

mechanism of action involves binding to opioid receptors in the brain, spinal cord, and 

gastrointestinal tract. This binding inhibits the transmission of pain signals to the brain, 

resulting in robust pain relief. However, prolonged use of morphine can lead to addiction, 

necessitating higher doses to achieve the same pain-relieving effects. Furthermore, morphine 

impacts the respiratory and cardiovascular systems, causing respiratory depression, decreased 

heart rate, and lowered blood pressure (Stephen et al. 2017). It also influences the body's 

endocrine system, leading to elevated cortisol levels and pain suppression. Additionally, 

morphine can elevate dopamine levels, potentially inducing feelings of euphoria. 

Morphine significantly affects the immune system, increasing the vulnerability to infections by 

compromising its ability to protect the body against pathogens. Studies have shown that 

morphine inhibits the generation of antibodies, reducing antibody levels in the bloodstream. 

Moreover, it hampers the production of antibodies in response to vaccines (Kleinschmidt et al. 

2013). Additionally, morphine impairs the function of T cells by diminishing the production of 

cytokines that aid in their immune activities. It reduces the number of circulating T cells, 
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impairing their effectiveness in combating infections (Pergolizzi et al. 2019). Furthermore, 

morphine diminishes the expression of specific B cell receptors, limiting their capacity to 

recognise and respond to foreign antigens. The function of macrophages is impaired by 

morphine (Henrickson et al. 2015). It reduces the production of pro-inflammatory cytokines 

like TNF-α, IL-1β, and IL-6 and decreases the expression of toll-like receptors (TLRs) and 

other cell surface molecules crucial for macrophage activation. Moreover, morphine impairs 

macrophages' chemotaxis and phagocytic activity, decreasing inflammation. Additionally, 

morphine curtails nitric oxide production, an essential mediator of inflammation, and reduces 

the generation of reactive oxygen species that can cause cellular and tissue damage. 

Morphine exerts detrimental effects on dendritic cells (DCs), impairing their responsiveness to 

antigenic stimulation (Mukherjee et al. 2016). It diminishes their migration capacity, reducing 

their ability to encounter environmental antigens. Moreover, morphine hampers antigen 

presentation, limiting the body's capacity to mount a robust immune response. Additionally, 

morphine binds to dendritic cell receptors and induces hyperpolarisation, disrupting their 

normal functioning. The release of neurotransmitters by dendritic cells is also inhibited by 

morphine, leading to decreased neuronal excitability. Collectively, these effects contribute to 

compromised immune system functioning, rendering the body more susceptible to infections 

and illnesses. 

The immune-suppressive nature of morphine paves the way for opportunistic infections. 

Individuals under the influence of morphine face an elevated risk of developing skin, lung, and 

urinary tract diseases (Hussain et al. 2018). Furthermore, opioid users are more prone to 

experiencing complications from existing infections due to the impact of opioids on the body's 

immune defence mechanisms. Morphine significantly heightens the risk of tuberculosis (TB) 

infection. Long-term use of morphine has been found to impair the ability of macrophages to 

combat Mycobacterium tuberculosis (Mtb). Additionally, morphine usage increases the 

susceptibility to pneumonia due to the compromised immune system (Gurnaney et al. 2014). 
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Fig. 2. World TB occurrence (Source World TB Report 2021). India is a TB-endemic country, 

with an estimated 2.8 million cases in 2019. The country has been classified as a high TB 

burden country by the World Health Organization (WHO), with 27% of the global estimated 

TB burden and accounts for about 40% of TB deaths worldwide. TB poses a significant public 

health concern and ranks as a leading cause of death in TB-endemic regions (Global 

Tuberculosis Report. 2019). The latent phase of TB infection occurs when an individual is 

infected with the bacteria but does not exhibit any signs or symptoms of active TB. During this 

phase, the person is not contagious and does not experience any health issues. However, 

without treatment, the latent infection can, at any time, progress to active TB. It is crucial to 

treat latent TB infection to reduce the risk of developing active TB. In India, latent TB infection 

(LTBI) is widespread, particularly among high-risk populations residing in densely populated 

urban areas, individuals with HIV/AIDS, and those with close contact with active TB cases. 

The immune-suppressive nature of morphine impacts the immunity against Mtb, exacerbating 

latent phase infections and promoting the transition to active TB. 

Opioid substitution therapy (OST) is an evidence-based treatment for opioid use disorder that 

effectively addresses both the physical and psychological symptoms of opioid addiction. It has 

been proven to decrease opioid use and criminal activities, enhance the quality of life, reduce 

the risk of overdose and mortality, improve treatment retention, and lower the incidence of 
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HIV and other blood-borne diseases related to intravenous drug use. OST involves prescribing 

opioid medications like methadone or buprenorphine as a substitute for illicit opioids such as 

heroin, morphine, or fentanyl. By supporting individuals in abstinence from forbidden opioids, 

reducing criminal behaviour, and promoting physical and mental well-being, OST facilitates 

their engagement in treatment. Numerous studies have demonstrated that OST is one of the 

most effective approaches for treating opioid addiction, as it reduces mortality rates, improves 

the quality of life, and diminishes drug use. 

Many opioid agonists used to treat OUD impair the immune system’s function. Buprenorphine 

is an opioid agonist, and opioids have been known to cause a decrease in immunity. Studies 

have shown that opioid use can cause a reduction in white blood cells, leading to an increased 

risk of infection (Hauptman et al. 2014). Buprenorphine has the potential for dependence or 

addiction, although the risks are significantly lower than other opioids. Prolonged or high-dose 

drug usage can lead to dependence, manifesting in cravings, tolerance, and withdrawal 

symptoms. However, it is not effective in controlling addiction in patients. Additionally, its 

immune-suppressive nature increases the likelihood of contracting infectious diseases. 

A vaccine is a biological substance that induces active acquired immunity against a specific 

disease. Typically, a vaccine contains a substance that resembles a disease-causing 

microorganism or its component. The vaccine is often derived from weakened or inactivated 

forms of the microbe, its toxins, or surface proteins. The vaccine stimulates the body's immune 

system to recognise the substance as a threat, eliminate it, and subsequently recognise and 

destroy any future encounter with a related microorganism (National Institute of Allergy and 

Infectious Diseases, 2019). Vaccines can serve as prophylactic measures, preventing or 

reducing the impact of future infections. They can also have therapeutic applications, such as 

cancer vaccines currently under investigation. Vaccines have been crucial in eradicating 

smallpox, polio, measles, mumps, and rubella (Henderson et al. 2017). They have significantly 

reduced the occurrence of infectious diseases like whooping cough, diphtheria, and tetanus. 

Vaccines are widely regarded as one of the most successful interventions in public health. 

An anti-narcotics vaccine is a specific type used to diminish or eliminate an individual's 

cravings for drugs, particularly opioids. This vaccine is designed to activate the body's immune 

system, prompting the production of antibodies that recognise and clear the narcotics from the 

bloodstream. By doing so, the antibodies prevent the narcotics from crossing the blood-brain 
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barrier and exerting their desired effects. Additionally, the vaccine triggers an immune 

response against drugs, helping reduce cravings and relapse risk. The primary distinction 

between an anti-narcotics vaccine and Opioid Substitution Therapy (OST) lies in their purpose. 

In contrast, an anti-narcotics vaccine has a prophylactic effect and prevents the influence of 

substance abuse, whereas OST treats the disease after its occurrence. OST provides short-term 

relief for individuals who are not yet prepared to make the necessary lifestyle changes to 

overcome addiction or for those who are already dependent on opioids. It aims to diminish 

cravings and dependency. In contrast, a vaccine-based approach holds more significant 

potential for long-term treatment by preventing the user from experiencing the drug's effects 

altogether, thus thwarting addiction. This approach offers more sustained protection against 

relapse, particularly for individuals who have not yet developed a dependence. Ultimately, an 

anti-narcotics vaccine may prove more effective than OST in assisting individuals in 

overcoming addiction. 

A recent study demonstrated that the anti-heroine vaccine prevented the effects of heroin when 

administered to four non-human primates (McDonald et al. 2020). The primates did not exhibit 

withdrawal symptoms upon receiving the vaccine. These findings suggest the potential role of 

vaccines, which can address the issue of heroin abuse and addiction and reduce the risk of 

overdose and associated fatalities. In another study, a vaccine against heroin yielded mixed 

results. The vaccine candidate employed a small fragment of heroin as the antigen, 

accompanied by an adjuvant comprising aluminium hydroxide and polyoxyethylene sorbitan 

monolaurate. In preclinical studies conducted on mice, the vaccine candidate produced better 

antibodies against heroin than the control group. Although the vaccine candidate did not exhibit 

the desired level of effectiveness, it represents a promising step forward in developing a 

clinically viable heroin vaccine (Manson et al. 2019). Although the use of vaccines to treat 

substance abuse is relatively new, they have been gaining momentum in recent years as a 

potentially viable treatment for addiction. 

1.2 Context. Opioid receptors are widely distributed throughout the body, including the cells 

of the immune system viz T cells, B cells, dendritic cells, macrophages, etc. Opioid receptors 

are found on the surface of these cells that interact with opioids. When opioids bind to these 

receptors on immune cells, they can modulate immune responses and affect the function and 

activity of these cells (Stolbach et al. 2008). For example, opioid receptors on T cells and B 
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cells can influence their proliferation, activation, and cytokine production. In contrast, opioid 

receptors on dendritic cells can affect antigen presentation and immune cell communication. 

The presence of opioid receptors on immune cells allows opioids to exert immunomodulatory 

effects and influence immune responses. 

 

 

 

 

 

 
Fig. 3. Different measures of harm associated with the drugs (Source World Drug Report 

2022). 

Morphine, in particular, has been identified as having potent immunosuppressive effects. It has 

been observed to reduce the production of cytokines, T-cells, and white blood cells and dampen 

inflammatory responses. This immunosuppression compromises the production of antibodies 

crucial for defending against infections, thus increasing the risk of developing diseases 

(Ceccarelli et al. 2020). Developing an anti-opioid vaccine can potentially mitigate fatal 

overdoses resulting from morphine use. Such a vaccine would stimulate the production of 

antibodies in the body that can bind to and neutralise morphine when they enter the 

bloodstream. By preventing morphine from reaching the brain and activating its rewarding 

effects, the vaccine reduces the risk of overdose. The antibodies can bind to opioid molecules, 



CHAPTER 1 

INTRODUCTION 

8 

 

 

 

providing enhanced protection against opioid overdose. Anti-morphine vaccines offer a 

significant advantage by reducing the consumption of morphine among individuals struggling 

with its addiction, eliminating the need for regular medication or therapy. Vaccines offer long- 

lasting protection, and the effect lasts for several months. 

Currently, there are various proposed anti-narcotics vaccines; however, their effectiveness is 

limited due to their inability to neutralise opioids in the bloodstream, generate enduring 

immunity against opioids, counteract opioid-induced immunosuppression in addicts, exhibit 

broad specificity across different opioids, demonstrate low-affinity antibodies towards opioid, 

and ineffective in completely treating opioid addictions (Cunningham et al. 2019). The 

development of an opioid vaccine is a complex undertaking with many uncertainties. Research 

indicates that conjugate-based vaccines elicit antibodies with a short active duration and may 

necessitate booster shots. Additionally, the vaccine's efficacy varies among different opioids. 

Moreover, it remains unclear how effective the vaccine would be in real-world scenarios, as 

individuals might still be exposed to high opioid doses and could be tempted to take higher 

doses if they perceive themselves as protected. These questions remain unanswered. As a 

solution to this challenge, we propose the development of a nanoparticle-based vaccine 

targeting morphine to generate high affinity, neutralising and enduring antibodies against 

morphine. Nano-technology has revolutionised vaccine development and administration by 

targeting antigens, improving effectiveness, safety, stability, and cost-effectiveness. 

1.3 Purpose. Anti-opioid vaccines represent a promising prophylactic and therapeutic strategy 

for addressing substance abuse, offering the potential for long-term protection against relapse. 

These vaccines target morphine and stimulate the immune system to produce antibodies that 

bind to the morphine. Thus, preventing morphine from entering the brain and exerting its 

effects. This strategy can potentially reduce the risk of relapse and facilitate a more sustained 

recovery process. Morphine, a naturally occurring alkaloid derived from the opium poppy 

plant, is a key player in opioid addiction. By binding to opioid receptors in the brain, morphine 

reduces pain signals and induces feelings of relaxation and euphoria (U.S. National Library of 

Medicine, 2019). However, due to its slower onset, longer duration of action, and potential for 

respiratory depression and fatal outcomes in high doses, morphine is associated with a higher 

risk of dependence and addiction. Moreover, as morphine is a primary alkaloid in almost all 

opioids, a vaccine targeting morphine may prove more effective than one targeting other 
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opioids. Such a vaccine could mitigate the risk of overdose, adverse effects, and addiction by 

obstructing the reward effects of opioids (Tseng et al. 2021). Consequently, developing a 

morphine-targeted vaccine represents a viable strategy for combatting the opioid epidemic. 

Opioid administration exerts a profound immunosuppressive effect on the immune system, 

increasing vulnerability to opportunistic infections (Gelkopf et al. 2009). Such a situation 

creates a fertile ground for the activation of latent Mtb infection, further exacerbating the 

problem. Hence, we thought to generate a chimeric vaccine to address the problem of both drug 

addiction and TB infection. Acr1 is a member of the Acyl-CoA synthetase family and 

represents a promising target for therapeutic intervention against Mtb. Several studies have 

unequivocally established the pivotal role of Acr1 in generating protective immunity against 

Mtb (Jia et al. 2022; Lew et al. 2020; Gowthaman et al. 2011; Siddiqui et al. 2015; Rai et al. 

2017; Das et al. 2022). Therefore, Acr1 emerges as a highly favourable candidate for 

developing vaccines against TB. 

Nanoparticle-based vaccines hold tremendous promise in the quest for more efficacious 

immunological interventions. Notably, nanoparticles offer an array of advantages over 

conventional vaccine delivery methods. These advantages encompass enhanced antigen 

specificity, safeguarding against antigen degradation, targeted delivery to specific immune 

cells, and sustained release of antigens (Mandal et al. 2018). To capitalise on these merits, we 

have engineered a novel vaccine delivery system utilising Acr1 protein-based nanoparticles 

expressing morphine and TLR-2 ligand Pam3Cys on its surface. This innovative approach aims 

to provoke an immune response against morphine, generating high-affinity antibodies against 

morphine that confer protection against its abuse. With unwavering optimism, we anticipate 

this pioneering strategy will be a powerful platform for developing a highly effective vaccine. 

Further, the efficacy of vaccines was significantly augmented through the judicious use of 

TLR-2 ligand as an adjuvant to modulate the immune system by targetting dendritic cells. 

Furthermore, this approach activated adaptive immunity and the innate immune system through 

TLR-mediated signalling of antigen-presenting cells (APCs). Moreover, harnessing the power 

of TLR ligands can shorten the amount of antigen required for vaccine effectiveness, thereby 

mitigating the economic burden and adverse effects associated with traditional vaccines. 

Hence, TLR ligands are indispensable in enhancing vaccine efficacy by invigorating the 

immune system and reducing the requisite antigen dosage for optimal efficacy. In this regard, 
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we have adeptly utilised Pam3Cys, a potent TLR-2 ligand, to amplify the vaccine's 

immunogenicity and confer upon it a self-adjuvating property. Notably, TLR-2 receptors are 

abundantly expressed on the surface of DCs, rendering them an ideal target for vaccine 

delivery. It is worth highlighting that dendritic cells, as the sole APCs in the immune system 

capable of activating naive T cells, assume a pivotal role in orchestrating robust immune 

responses. 

Based on this, we aimed to understand the potential of this vaccine in combating the influence 

of morphine and advancing the field of immunotherapy. With this, we aimed to evaluate the 

potential of the newly developed vaccine for its ability to reduce or eliminate the deleterious 

effects of morphine effectively and for the treatment of opioid addiction. We have developed 

an innovative vaccine utilising Acr1 protein-based nanoparticles. These nanoparticles are 

engineered to present both morphine and the TLR-2 ligand Pam3Cys on their surface to achieve 

the following objectives: - 

I. Preparation and characterisation of a vaccine consisting of Acr1 nanoparticles that display 

morphine and Pam3Cys on their surface. 

II. Investigation of the adjuvant properties of the vaccine through the activation of DCs, B 

cells, and macrophages mediated by Pam3Cys. 

III. Study the endocytosis of the vaccine expressing Pam3Cys, specifically through the TLR-2 

pathway. 

IV. Evaluation of the nanoparticles expressing morphine in terms of their ability to activate, 

proliferate, and differentiate morphine-specific B cells. 

V. To monitor the generation of long-term memory B cells specific to morphine and the 

secretion of high-affinity anti-morphine antibodies. 

VI. Demonstration of the activation, proliferation, and differentiation of Acr1 reactive T cells 

and the subsequent secretion of anti-Acr1 antibodies. 

VII. Assessment of the therapeutic and prophylactic efficacy of the vaccine in mitigating the 

effects of morphine using a murine model. 

1.4 Significance, Scope and Definitions. The chimeric vaccine developed in this study holds 

substantial significance and has a broad scope, as it addresses multiple challenges associated 

with opioid addiction and TB. Firstly, the vaccine has demonstrated its ability to mitigate 

cravings and reduce opioid usage, providing a potential solution for individuals struggling with 
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opioid addiction. Additionally, it offers protection against TB for drug abusers, who are 

particularly vulnerable to opportunistic infections. 

The vaccine administration in the murine system has shown promising results, eliciting the 

production of high-affinity anti-morphine antibodies. These antibodies effectively neutralise 

the presence of morphine in the bloodstream, inhibiting its access to the brain and its addictive 

effects. Moreover, the vaccine stimulates the activation of Acr1 reactive CD4 T cells and B 

cells' secretion of anti-Acr1 antibodies. This immune response holds excellent potential for 

combating morphine addiction and Mtb infection. 

In summary, this study establishes the considerable potential of the vaccine as a remedial 

measure. It not only addresses the challenges associated with morphine addiction by reducing 

desire and usage but also protects against TB. This research opens up new possibilities for 

developing effective interventions to combat addiction and infectious diseases simultaneously. 
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2.1 Opioid addiction is a serious and growing public health issue worldwide. Over 62 million 

people are estimated to suffer from opioid addiction, which rises yearly. The use of opioids, 

whether for medical purposes or recreation, can lead to the development of a chronic disorder 

characterised by compulsive drug use, cravings, and continued use despite negative 

consequences. Developing opioid addiction involves biological, psychological, and 

sociocultural factors. It is believed that a combination of genetic predisposition, environmental 

influences, and personal choices contribute to the onset of addiction. Biologically, opioid 

addiction is associated with brain reward system changes. Opioids stimulate the brain's reward 

system, causing the release of neurotransmitters like dopamine and serotonin, which produce 

feelings of pleasure and reward. With repeated opioid use, the brain's reward system can 

become disrupted, leading to compulsive drug-seeking behaviour and intense cravings. 

Psychologically, opioid addiction is often linked to feelings of anxiety, depression, and stress. 

Individuals with opioid addiction may use drugs to cope with negative emotions or challenging 

situations. Socio-culturally, opioid addiction is associated with poverty, unemployment, 

limited education, and lack of access to primary healthcare and social support. Moreover, social 

stigma and discrimination against individuals with opioid addiction further compound the 

problem. Given the complexity of opioid addiction, effective treatment should address all these 

factors. Treatment typically involves a combination of medications, such as buprenorphine and 

naltrexone, and psychosocial interventions, like cognitive-behavioural therapy and 

contingency management. 

2.2 Opioid addiction represents a global menace. Opioid addiction embodies a threat with 

intricate dimensions, encompassing over-prescription, poverty, limited access to mental health 

and addiction treatment services, and societal stigma. The extent and complexity of the opioid 

crisis emphasise the need for a comprehensive and holistic approach to tackling the issue. This 

review examines the opioid crisis from a public health perspective, focusing on its 

epidemiology, risk factors, and evidence-based interventions for prevention and treatment. The 

World Health Organization (WHO) estimates that over 62 million people globally are 

dependent on opioids, although this figure is likely an underestimation of the true prevalence 

of opioid addiction. Opioid addiction is a significant public health problem in numerous 

countries. In the United States, the opioid crisis has been referred to as an epidemic. 
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Fig. 1. Prevalence of opioid addiction across countries. Darker shades indicate higher 

prevalence rates, with the darkest shades representing a rate of more than 30% of the 

population affected. The lightest shades represent 0-4% of the population affected. (Adapted 

from John et al., 2020). 

 

 
The prevalence of opioid addiction varies across countries, with the highest rates reported in 

the United States of America and Canada (Fig. 1). The Netherlands has the highest prevalence 

in Europe, followed by Norway and Germany. In Asia, China and India have the highest 

prevalence, while in Africa, Nigeria and South Africa report the highest rates. Risk factors 

associated with opioid addiction differ by country. In the United States, poverty, mental health 

issues, and access to opioids are among the risk factors. In Europe, poverty, access to opioids, 

and injection drug use contribute to the problem. In Asia, poverty, access to opioids, and limited 

treatment availability are significant risk factors. In Africa, poverty, access to opioids, and 

inadequate treatment access play a role. The public health consequences of opioid addiction 

are diverse. Common effects include increased rates of overdose deaths, TB, HIV and hepatitis 

C infections, and crime. In the United States, the opioid crisis has led to a rise in opioid-related 

overdose deaths. In Europe, the crisis is associated with increased HIV and hepatitis C 

infections among people who inject drugs. In Asia, it has been linked to higher levels of crime 
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and violence. In Africa, the crisis is associated with increased rates of HIV and hepatitis C 

infections (World Drug Report 2022). 

2.3 Limitation of current anti-opioid therapy. Opioid Substitution Therapy (OST) is an 

evidence-based treatment for opioid use disorder that has been proven to reduce opioid 

dependence and criminal activity, improve quality of life, and decrease the risk of overdose 

and death. OST involves prescribing opioid medications like methadone or buprenorphine as 

substitutes for illicit opioids such as heroin, morphine, or fentanyl. Multiple studies have 

demonstrated the effectiveness of OST in reducing mortality rates, improving quality of life, 

and decreasing drug use. Buprenorphine, an opioid agonist commonly used in OST, is an 

effective treatment for opioid addiction. However, concerns exist regarding its potential for 

dependence, addiction, and an increased risk of infection due to its immune-suppressive 

properties. Several studies have indicated buprenorphine can lower white blood cell counts, 

increasing disease risk. Furthermore, buprenorphine alone may not be sufficient to address 

addiction in patients and can lead to dependence or addiction if taken in high doses or for 

prolonged periods. Overall, OST is a highly effective treatment for opioid addiction, with 

ample evidence demonstrating its ability to reduce mortality rates, improve quality of life, and 

decrease drug use. However, healthcare providers should carefully monitor patients receiving 

buprenorphine, adjusting dosages as necessary. Patients should be informed about the potential 

risks associated with the medication and closely monitored for signs of dependence or 

addiction. 

2.4 The development of anti-opioid vaccines is an ongoing field of research. Vaccines are being 

explored as potential treatments for addiction to opioids, cocaine, and other addictive 

substances. The goal is to develop vaccines that can reduce cravings and prevent relapse. 

Several promising vaccine candidates have been developed and have undergone clinical trials. 

For example, a vaccine for cocaine addiction has been created and is currently in phase I 

clinical trials. This vaccine works by introducing a protein that binds to opioids in the body, 

eliminating their ability to produce dopaminergic effects. Additionally, vaccines are being 

developed to target addiction to opioids, methamphetamine, and other substances of abuse. 

Researchers are investigating the possibility of using combination vaccines to address 

addiction to multiple substances. 
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In recent years, the development of vaccines has emerged as a promising strategy to combat 

the growing problem of opioid addiction. In this regard, Akbarzadeh et al. undertook the 

important task of designing a hapten as an immunogen for a vaccine against morphine addiction 

(Akbarzadeh et al. 1999). The study focused on developing the morphine-6-succinyl-bovine 

serum albumin (M6S-BSA) conjugate for vaccine development. This conjugate was created by 

synthesising the hapten, morphine-6-succinyl, and linking it to bovine serum albumin (BSA) 

(Fig. 2). The hapten synthesis involved a series of chemical reactions, including anhydrous 

morphine with succinic anhydride in the presence of benzene, followed by a reaction with an 

activated ester and a coupling agent. The immunogenicity of this conjugate was evaluated in 

mice, and the results demonstrated that M6S-BSA could induce an anti-morphine immune 

response. The M6S-BSA conjugate proved an effective immunogen, eliciting a strong immune 

response. 

 

 

 
Fig. 2. Design and synthesis of morphine‐6‐succinyl‐bovine serum albumin hapten for vaccine 

development against morphine addiction (Adapted from Akbarzadeh et al. 1999). 

 

 
Recently, studies have highlighted the use of monoclonal antibodies in eliminating morphine 

dependence. It has been reported that specific and high-affinity monoclonal antibodies against 

morphine could eliminate morphine dependency (Baehr et al. 2020). The study revealed that 

the monoclonal antibodies exhibited a high affinity for morphine, with an average binding 

constant of 1 x 10-7 M, and displayed strong specificity, showing no cross-reactivity to other 

opioids (Fig. 3). 
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Fig. 3. B cell–based platform for generating hybridomas against opioids. Workflow for 

hybridoma generation. Antigen-specific cells from immunised mice were selected by magnetic 

enrichment for polyethene glycol (PEG) fusion with Sp2/0 myeloma cells; hypoxanthine 

aminopterin-thymidine (HAT)–resistant colonies were transferred to plates and screened for 

expression of anti-opioid antibodies by ELISA (Adapted from Baehr et al. 2020). 

 
 

Heroin addiction poses a significant public health challenge, causing numerous individuals 

physical, psychological, and social harm. A promising approach to address this issue involves 

the development of a bivalent vaccine capable of preventing relapse to heroin and morphine. 

In 2006, Benito Anton conducted research to evaluate the effectiveness of such a vaccine in 

rodents. The study revealed that the vaccine successfully triggered an immune response to 

heroin and morphine, preventing the drugs' psychoactive effects from reaching the brain (Anton 

et al. 2006). Qian et al. developed a bivalent morphine/heroin vaccine with a novel hapten 

design and assessed its efficacy in rats. The study demonstrated that the vaccine effectively 

reduced the behavioural effects of morphine and heroin, indicating its potential as a treatment 

option for opioid addiction in humans. The unique design of the hapten used in the vaccine, 

which exhibited greater specificity to the opioid receptor than previous hapten, likely 

contributed to its enhanced effectiveness in attenuating the behavioural effects of these drugs. 

In recent years, there has been an increasing interest in developing new vaccine strategies to 

combat the escalating problem of heroin addiction. In 2011, Neil Stowe conducted a study 
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investigating a novel vaccine strategy to induce protective immunity against heroin. This 

approach utilised a rabies virus-based vaccine to trigger an immune response against the drug. 

The study tested the vaccine in a mouse model of heroin addiction and observed a significant 

reduction in heroin-seeking behaviour. A subsequent clinical trial evaluated the vaccine's 

efficacy in humans, revealing a substantial increase in antibody titre against heroin in the 

vaccinated individuals. Moreover, these individuals reported a decrease in heroin-seeking 

behaviour, highlighting the promise of the rabies virus-based vaccine strategy in inducing 

protective immunity against heroin. 

Bremer et al. investigated the impact of a hydrolytically stable hapten (heroin) and a Th1 

adjuvant [CpG oligonucleotides (CpG ODN)] on the performance of a heroin vaccine (Bermer 

et al. 2012). The findings revealed that the combination of a hydrolytically stable hapten 

(heroin linked to PLGA) and a Th1 adjuvant significantly enhanced the vaccine's efficacy 

compared to the control group (Fig. 4). Moreover, the results indicated that the combined use 

of the two substances elicited a more robust immune response than alone. The hydrolytically 

stable hapten significantly increased the antibody titre of the heroin vaccine compared to the 

control, suggesting its enhanced ability to bind to heroin molecules and induce a strong immune 

response. Combining the hapten with the Th1 adjuvant produced a synergistic effect, resulting 

in a higher antibody titre than expected. 

 
 

 

Fig. 4. Schematic representation showing the synthesis of the hydrolytically stable hapten 

linked to a poly (lactic-co-glycolic acid) (PLGA) nanoparticle with CpG oligonucleotides 

(CpG ODN) as a Th1 adjuvant (Adapted from Bremer et al. 2012). 
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The efficacy of a heroin vaccine was tested using intramuscular injection with an additional 

TLR-9 agonist. The results demonstrated that the vaccine was more effective when 

administered intramuscularly with a TLR-9 agonist. Further, the vaccine reduced heroin self- 

administration in rats by 50%. However, adding the TLR-9 agonist reduced heroin self- 

administration by up to 60%. These findings suggest that including TLR-9 agonists can 

significantly improve the vaccine's efficacy when administered via intramuscular injection. 

The study revealed that the vaccine effectiveness was dose-dependent, with higher doses 

resulting in a reduction of up to 80% in heroin self-administration (Bremer et al. 2014). Further, 

the group reported the development of a clinically viable heroin vaccine. The study on mice 

demonstrated that the vaccine successfully induced an immune response against heroin, 

showing promise in preventing heroin addiction (Fig. 5) (Bremer et al. 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. A simplified schematic diagram of heroin conjugates immunological pathway and 

mechanism of action. Upon vaccination, the conjugate was taken up by dendritic cells (DCs), 

processed and displayed on the major histocompatibility complex class II (MHC II) as a 

haptenated peptide for activation of helper T-cells (Th-cells) via the T-cell receptor (TCR). B- 

cells, which have encountered the conjugate via their B-cell receptors (BCR) were stimulated 

by activated Th-cells. Adjuvants alum and CpG ODN enhanced the vaccine response through 

NLRP3 inflammasome and TLR9 signalling. Memory B-cells and plasma cells produced high 

affinity anti-6AM IgG antibodies bound to an administered heroin dose (metabolised to 6AM) 

in the periphery, thus mitigating drug effects in the brain (Adapted from Bremer et al. 2017). 
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The development of monoclonal antibodies to combat synthetic opioid intoxication has been 

underway for several years. A study demonstrated that these antibodies can reduce the effects 

of intoxication (Malinowski et al. 2019). The study revealed that antibody-drug conjugates can 

attach to opioid receptors and block their activity, thus preventing opioids from affecting the 

body. Furthermore, mouse studies showed that combining the antibody-drug conjugate and an 

antagonist could decrease the effects of opioids and shorten the recovery time for the animals. 

The study observed a reduction in the number of opioids crossing the blood-brain barrier and 

reaching the brain. 

Heat shock proteins (HSPs) are stress-induced molecules that play a role in various metabolic 

pathways and processes. They can serve as carrier-adjuvants for vaccines. Hwang et al. 

demonstrated that HSP 70 could be used as carrier-adjuvants for an anti-drug vaccine targeting 

heroin. A novel vaccine candidate combining HSPs and heroin-based antigens was created and 

administered to mice. The results showed that the vaccine could effectively induce a robust 

anti-heroin antibody response. Additionally, HSP70 in the vaccine formulation resulted in a 

higher anti-heroin antibody response (Hwang et al. 2019). Further, the group investigated the 

efficacy of a heroin vaccine across different sexes and strains of mice. The vaccine 

demonstrated high antibody titre, affinity, and antinociception levels in both sexes and various 

mouse strains. The study found no significant differences in vaccine effectiveness between 

sexes or mouse strains (Hwang et al. 2019). Cao et al. developed a novel method for 

determining morphine in human urine using competitive fluorescence immunoassay (CFI). The 

research aimed to create a CFI for detecting morphine in human urine (Fig. 6). Morphine, a 

potent drug for severe pain, was targeted using a specific antibody and a fluorescent conjugate 

(Cao et al. 2019). The antibody was coupled to solid-phase support (membrane). The solid- 

phase support was incubated with a solution containing morphine and the fluorescent 

conjugate. After removing the solution, the solid-phase support was washed to eliminate 

unbound material. The amount of bound material was then measured using a fluorescent 

detector. 



CHAPTER 2 

REVIEW OF LITERATURE 

21 

 

 

 

 

 

 

Fig. 6. Optimized curve of morphine hapten concentration displaying the fluorescence intensity 

(Adapted from Cao et al. 2019). 

 

 
Méndez et al. evaluated the effectiveness of a morphine/heroin vaccine in reducing opioid and 

non-opioid drug-induced antinociception in mice (Méndez et al. 2021). The results showed that 

the vaccine effectively reduced the antinociceptive effects of morphine, heroin, acetaminophen, 

and ibuprofen. Further, the vaccine reduced the rewarding effects of heroin and morphine. 

These findings suggested that the vaccine holds promise as a method to reduce opioid-induced 

antinociception and the seeking of rewarding substances in individuals with substance abuse 

issues. 

2.5 The Acr1 protein has been studied as a potential drug target for treating tuberculosis (TB). 

Research has shown that Acr1 regulates bacterial cell wall biosynthesis in Mycobacterium 

tuberculosis (Mtb), the etiological agent of TB. By inhibiting Acr1 activity, researchers have 

reduced the viability of Mtb and decreased the number of the bacterium in the lungs. Acr1 

regulates iron transport and metabolism in Mtb and controls its gene expression. The Acr1 

plays a crucial role in the survival and pathogenesis of the bacterium. It is a major component 

of the cell wall of Mtb. It contributes to the structural integrity and stability of the cell wall, 

which is essential for the bacterium’s survival under various environmental conditions 

(Hernandez-Pando et al. 2000). The Acr1 protein is upregulated under stress conditions, such 

as nutrient limitation, oxidative stress, and exposure to antimicrobial agents. Its expression is 

believed to help Mtb adapt to hostile environments (Manganelli et al. 2002). The Acr1 has been 
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implicated in immune evasion strategies. It can modulate the host immune response by 

interfering with macrophage functions, such as phagosome-lysosome fusion, antigen 

presentation, and cytokine production. This allows Mtb to survive and persist within the host 

(Singh et al. 2013). The Acr1 protein has been characterised as a virulence factor of Mtb. It 

contributes to the bacterium’s pathogenicity by promoting intracellular survival and 

replication, inhibiting apoptosis of infected cells, and modulating host immune responses 

(Dhiman et al. 2016). The Acr1 is involved in the interaction between Mtb and the host. It can 

interact with host proteins and cell surface receptors, influencing the outcome of infection and 

its persistence (Chan et al. 1996). These studies highlight the multifaceted importance of the 

Acr1 protein in the survival and pathogenesis of Mtb. It is involved in cell wall stability, stress 

response, immune evasion, virulence, and host-pathogen interactions. Acr1 provides valuable 

insights into the mechanisms that Mtb employs to persist within the host and contribute to 

tuberculosis pathogenesis. 

The Acr1 protein of Mtb is considered an important vaccine candidate for TB. It has 

demonstrated significant immunogenicity, eliciting an immune response in individuals infected 

with Mtb. Several studies have shown that this antigen can induce both cellular and humoral 

immune responses, making it a promising candidate for vaccine development (Mustafa et al. 

2000). The Acr1 protein is highly conserved among different strains of Mtb, suggesting that it 

plays a crucial role in the pathogenesis of TB. Its conservation implies a vaccine targeting this 

protein could provide broad protection against various Mtb strains (Kumar et al. 2013). Studies 

have indicated that vaccination with the Acr1 protein can confer protective immunity against 

Mtb infection. Animal models, such as mice and Guinea pigs, have shown reduced bacterial 

burden and enhanced control of Mtb growth upon vaccination with the Acr1 protein (da Silva, 

et al. 2009). It has been shown that liposomes α-crystalline 1 (Acr1L) enhanced long-lasting 

protective immunity against Mtb in animals previously primed with the BCG vaccine. An 

increase in the multi-functional CD4 T cells and CD8 T cells expressing high levels of IFN-γ 

and TNF-α in BCG-primed and Acr1L-boosted animals (BCG-Acr1L) compared to those 

receiving BCG alone. Additionally, both central and effector memory populations of CD4 and 

CD8 T cells were significantly expanded. Importantly, BCG-Acr1L demonstrated superior 

protection to BCG alone, as evidenced by a reduction in bacterial burden and histopathological 

changes in the lungs (Fig. 7). These findings suggest that BCG-Acr1L could serve as a 

promising strategy to enhance the effectiveness of BCG vaccination (Siddiqui et al. 2015). 
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Fig. 7. BCG-liposomes alpha-crystalline protein 1 (Acr1L) provides significantly better 

protection than BCG. Lungs were fixed in formalin, and sections were stained with 

haematoxylin and eosin. Photomicrographs (320) display the lung sections. Arrows indicate 

small or large developing follicular granulomas (Adapted from Siddiqui et al. 2015). 

 
 

The Acr1 protein contains T-cell epitopes that can trigger specific immune responses. These 

epitopes are recognised by T cells and play a vital role in the clearance of Mtb infection. 

Identification and characterisation of these epitopes have provided insights into effective 

vaccines against TB design. The Acr1 protein has been investigated for its adjuvant properties, 
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capable of enhancing the immune response when combined with other antigens. This suggests 

that the protein can potentially be used as an adjuvant to improve the efficacy of TB vaccines 

(Mustafa et al. 2000). Gowthaman et al. demonstrated that an immunodominant epitope of 

sequence 91-110 derived from Acr1 of Mtb elicited long-lasting Th1 and Th17 immunity. 

Lipidation of sequence 91-110 epitope of Acr1 (L91) enhanced its immunomodulatory 

properties and stability, facilitating more efficient targeted delivery to antigen-presenting cells; 

and in particular, to dendritic cells (DCs). L91 induced a more robust Th1 and Th17 response 

compared to non-lipidated 91-110 (F91), resulting in increased cytokine production such as 

IFN-γ, IL-2, IL-17, and TNF-α (Gowtahaman et al. 2011). Moreover, L91 elicited long-lasting 

Th1 and Th17 immunity and protected mice and Guinea pigs on exposure to Mtb (Fig. 8). 

 
 

 
Fig. 8. Immunization with L91 protects Guinea pigs against Mycobacterium tuberculosis. 

Duncan-Hartley Guinea pigs were immunised with L91 or controls (F91, LH, BCG, and 

placebo). After 75 days, animals were aerosol challenged with M. tuberculosis. Thirty days 

after infection, animals were killed. A, Mycobacterial load in the lungs was quantified by 

inoculating on plates and counting colony-forming units (CFU). Data are mean 6 standard 
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deviations (log10 value). B, Representative histopathology sections of Guinea pig lungs stained 

with hematoxylin and eosin. Gross pathology of Guinea pigs’ lungs is also shown (col. 3). 

Arrows indicate granulomas. (Figure adapted from Gowthaman et al. 2011). 

Thus, suggesting its potential as a novel therapeutic vaccine against TB. L91 holds a promise 

as a candidate vaccine against Mtb (Rai et al. 2016). In 2017, Amir et al. demonstrated that 

Acr1 exposure to DCs is crucial in enhancing their functionality maturation. Further, the DCs 

exhibit upregulation in the expression of MHC and co-stimulatory molecules. Furthermore, the 

DCs produced predominantly cytokines that help activate and differentiate Th1 cells and Th17 

cells viz TNF-α, IFN-γ, IL-12 (Th1 response) and IL-6 and TGF-, respectively. Consequently, 

enhancing the immune response is favourable to eliminating Mtb. 

Rai et al. conducted studies highlighting the significant role of the Acr1 protein in conferring 

protection against tuberculosis (TB). Acr1, expressed by Mtb, is critical in initiating and 

promoting adaptive immune responses against the pathogen. A novel vaccine formulation was 

developed to elicit a protective immune response, consisting of a lipidated bi-epitope vaccine 

to stimulate both CD4 T cell and CD8 T cell immunity against Mtb. This vaccine targets two 

distinct epitopes derived from the Acr1 protein, thereby inducing CD4 T cell and CD8 T cell 

responses. The vaccine formulation incorporates two specific peptides representing 

immunodominant epitopes of Acr1, each linked to a lipid moiety that facilitates uptake by 

antigen-presenting cells (APCs). Following uptake by APCs, the peptides are presented on the 

surface of APCs in association with MHC class I and II molecules. This presentation enables 

recognition by CD4 T cells and CD8 T cells, activating effector functions crucial for an 

effective immune response against Mtb, including producing pro-inflammatory cytokines and 

cytotoxic molecules. Preclinical studies have demonstrated robust CD4 and CD8 T cell 

responses triggered by the vaccine against Mtb. Moreover, the vaccine has shown efficacy in 

protecting the Mtb challenge in animal models, indicating its potential as a promising approach 

for preventing and treating TB (Rai et al. 2017, 2018). Additionally, Rai et al. demonstrated 

that L91 effectively enhances the potency of the BCG vaccine, leading to enduring protection 

against Mtb. This innovative vaccination strategy involving BCG priming followed by L91 

boosting holds promise as a future prophylactic measure for TB control. 

Mubin et al. demonstrated that the Acr1 protein is present in the Mtb cell envelope. Acr1 is 

identified as an Mtb-specific outer membrane protein highly expressed during latency but not 
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in replicating bacterium (Mubin et al. 2018). Acr1 modulates the host immune response by 

interfering with macrophage functions such as phagocytosis, cytokine production, and antigen 

presentation. By interacting with Toll-like receptor 2 (TLR-2), Acr1 inhibited the activation of 

macrophages, suppressing the production of pro-inflammatory cytokines (TNF-α, IL-12, and 

IFN-γ) and promoting the production of anti-inflammatory cytokines (IL-10). This inhibits the 

activation of other effector cells and suppresses the host's immune response. Acr1 upregulated 

the expression of MHC-II molecules on macrophages, facilitating the presentation of Mtb 

antigens to T cells. This resulted in T cell activation, leading to increased production of TNF- 

α, IL-12, and IFN-γ, contributing to the killing of intracellular Mtb. 

The above-mentioned findings feature Acr1 as an important vaccine candidate against Mtb. It 

shows promising immunogenicity, conservation, protective efficacy, presence of T-cell 

epitopes, and adjuvant potential. 

2.6 TLR agonists have emerged as a novel adjuvant in immunological research. TLRs are a 

class of pattern recognition receptors (PRRs) that significantly mediate the innate immune 

response against foreign pathogens. They are transmembrane receptors found on the surface of 

various APCs like dendritic cells (DCs) and macrophages. TLRs recognise conserved protein 

molecules of microbes called Pathogen Associated Molecular Patterns (PAMPs), activating the 

innate immune response and clearance of pathogenic cells (Mogensen et al. 2006). Chemically 

synthesised ligands for TLRs have shown effectiveness and safety, with some advancing to 

clinical phases. Pam3Cys is a ligand of TLR-2 and is an adjuvant and immunomodulator. Its 

ability to enhance immune responses, activate TLRs, modulate the immune system, and 

improve vaccine efficacy is valuable in developing effective vaccines and immunotherapies. 

Pam3Cys is a synthetic lipopeptide derived from bacterial lipoproteins. It acts as a potent 

adjuvant, enhancing the immune response to an antigen. When combined with antigens in 

vaccines, Pam3Cys can stimulate the innate immune system, activating antigen-presenting 

cells (such as dendritic cells) and enhancing the presentation of antigens to the adaptive 

immune system. 
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Fig. 9. Binding of Pam3Cys with TLR1-TLR2 complex. The Pam3Cys (Pam3CSK4) 

lipopeptide-binding site of the human TLR1-TLR2 complex. (A) Pam3Cys (red) binding over 

the TLR1 (green)-TLR2 (blue) complex. (B) Two chains of Pam3Cys bind in the pocket of 

TLR2 (blue), and the third chain binds in the groove of TLR-1(green) (Figure adapted from Jin 

et al. 2007). 

 

 
Pam3Cys activates Toll-like receptor 2 (TLR-2), expressed on various immune cells, including 

dendritic cells, macrophages, and B cells. TLR-2 recognises and binds to the Pam3Cys, 

triggering signalling pathways that produce pro-inflammatory cytokines and activate immune 

cells (Fig. 9). This activation enhances the immune response to the antigen (Kawai and Akira 

2010). Pam3Cys can modulate the immune response by influencing the balance between 

different subsets of immune cells and their functions. It promotes the development of Th1-type 

immune responses, characterised by producing pro-inflammatory cytokines such as IFN-. 

This can be beneficial for combating intracellular pathogens and promoting cell-mediated 

immune responses (Liu et al. 2014). Including Pam3Cys in vaccines has improved their 

efficacy by enhancing the immune response against specific antigens. It can promote the 
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production of antigen-specific antibodies, enhance antigen-specific T-cell responses, and 

contribute to the development of immunological memory (Kasturi et al. 2011). The 

immunomodulatory properties of Pam3Cys have been explored for potential therapeutic 

applications. It has been investigated as an adjuvant in cancer immunotherapy, infectious 

disease vaccines, and autoimmune disease treatment (Schwarz et al. 2017). 

TLR-2 recognises components of Gram-positive bacteria such as lipopeptides, peptidoglycan, 

and lipoteichoic acids. It can form heterodimers like TLR-2/TLR-1 or TLR-2/TLR-6, which 

recognise synthetic ligands like Pam3Cys or Pam2Cys, respectively. Pam3Cys is a triacylated 

lipopeptide, while Pam2Cys is a diacylated lipopeptide. The dimerised TLR-2/TLR-1 hetero- 

complex adopts an 'm’-shaped structure due to the conversion of the C-terminal domains. The 

three lipid chains of Pam3Cys interact with specific regions in TLR-2 and TLR1, facilitating 

binding. TLR-2 signalling events involve the recruitment of the MyD88 adaptor protein, 

leading to the activation of IRAKs, phosphorylation of IRAK-1, activation of TRAF6, and 

subsequent activation of the TAB2-TAK1-IKK complex (Medvedev et al. 2016; Qian et al. 

2008). This complex phosphorylates IκB, resulting in its degradation and release of NF-κB into 

the nucleus, leading to the expression of pro-inflammatory genes. TAK1 also activates p38 and 

JNK, triggering AP-1 transcription factor activation and gene expression (Pauleau et al. 2008). 

Pam3Cys has been extensively studied as a vaccine adjuvant due to its ability to induce the 

maturation of antigen-presenting cells (APCs) and enhance T cell priming. It has shown 

potency in inducing a Th1 response, essential for interventions against TB. Additionally, 

synthetic peptides covalently coupled with Pam3Cys have demonstrated the ability to generate 

antibodies comparable to those achieved with Freund's complete adjuvant. 

In the context of TB, nano-delivery systems targeting DCs with TLR-2 ligand-linked-Mtb 

epitopes have been proposed to induce anti-TB immunity. A recent study by Das et al. 

investigated the efficacy of a nano-delivery system loaded with Pam3Cys, a TLR-2 ligand, and 

an immunodominant epitope of the Acr1 antigen of Mtb (Das et al. 2022). Chitosan 

nanoparticles loaded with immunodominant epitopes of Acr1 and coated with Pam3Cys 

successfully induced a protective anti-tuberculosis immune response in mice (Fig. 10). These 

nanoparticles significantly increased the levels of IFN-γ, IL-12, and TNF-α cytokines 

compared to the control group. 
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Fig. 10. E91NP3 vaccination reduces the Mtb burden in the lungs. The mice were intranasally 

immunised with E91NP3. Later, two booster doses were given at an interval of 14 days. Two 

weeks after the final immunisation, the mice were aerosol-challenged with Mtb-H37Rv. 

Finally, after 25 days post-infection, the animals were sacrificed to enumerate the Mtb burden 

in the lungs. A, schematic diagram showing the time points of immunisation, infection, and 

experimentation. B, the bar graph shows the colony-forming unit count/gram lung tissue for 

each group of mice (Adapted from Das et al. 2022). 

 

 
Additionally, they enhanced the production of antigen-specific IgG2a antibodies. These 

findings highlight the potential of nano-delivery systems loaded with TLR-2 ligands and Mtb 

epitopes for developing anti-TB vaccines. 

2.7 Nanoparticles have emerged as a promising option for developing immunological vaccines. 

These particles can deliver antigens in a targeted and efficient manner, thereby eliciting more 

potent immune responses than traditional vaccines. Nanoparticles can be formulated without 

additional adjuvants or components to enhance their immunogenicity, and they can carry 

multiple antigens within a single injection (Tsioga et al. 2016). As a result, nanoparticles have 

demonstrated significant potential as effective and efficient tools for developing novel 

immunological vaccines. The increasing popularity of nanoparticle-based vaccines is attributed 
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to their superior antigen delivery capabilities compared to conventional vaccines. These 

vaccines contain a biocompatible polymer that encapsulates an antigenic molecule, such as 

antigens, epitopes, DNA, etc. (Takash et al. 2017; Lippens et al. 2013). The antigen is released 

from the polymer matrix upon administration, triggering an immune response. Nanoparticle- 

based vaccines offer several advantages over conjugate-centred vaccines. Firstly, they excel 

more efficiently in delivering antigens to the immune system. The antigen protected within the 

polymer matrix is shielded from degradation, ensuring its intact delivery to the immune system 

and consequently leading to a more effective immune response (Baranchuk et al. 2005; Mayne 

et al. 2014). Additionally, nanoparticles can be customised for specific applications, enabling 

the delivery of multiple antigens within a single particle (Fig. 11). The simultaneous 

administration of various antigens results in a stronger immune response than using a single 

antigen alone. Moreover, nanoparticles can target specific cells or tissues within the body, 

facilitating more efficient immune responses (Smith et al. 2013) 

 

 
Fig. 11. A graphical representation of the mechanisms by which nanoparticles alter the 

induction of immune responses. The immunostimulatory activity of nanocarriers such as 

liposomes, archaeosomes and virosomes depends on diverse mechanisms: antigen delivery, 

particle size-dependent tissue penetration and access to the lymphatics (a); depot effects, 

promoting persistence, stability, conformational integrity and gradual release of vaccine 
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antigens (b); antigen display facilitating B-cell receptor (BCR) coaggregation, triggering and 

activation (c). Additional mechanisms include Toll-like receptor (TLR)-dependent and TLR- 

independent signal transduction (not shown); cross-presentation into major histocompatibility 

type I (MHC-I) pathways caused by nanoparticle-mediated leakage of antigens into the cytosol 

after phagosome uptake (d); and release of cytokines, chemokines and immunomodulatory 

molecules that regulate the immune response (not shown). APC, antigen-presenting cell; CpG, 

cytosine–phosphorothioate–guanine oligodeoxynucleotide; DC, dendritic cell; ER, 

endoplasmic reticulum; TCR, T-cell receptor. Reproduced and modified with permission 

(adapted from Smith et al. 2013). 

 
This targeting capability is achieved by the nanoparticle's ability to bind to specific receptors 

on the target cells, allowing direct delivery of the antigen to the desired cell and ultimately 

leading to a more robust immune response (Das et al. 2022). Finally, nanoparticle-based 

vaccines are generally easier to produce compared to conjugate-based vaccines. Their 

production involves simple methods, such as self-assembly, eliminating the need for complex 

manufacturing processes (Smith-Reilly 2017). 

Nanoparticle-based vaccines offer several advantages over traditional vaccines because they 

deliver antigens to the immune system with improved efficiency and specificity. These 

vaccines can enhance antigen potency and specificity, producing more robust and targeted 

immune responses (Sheikhbahaee et al. 2016). Nanoparticles facilitate antigen uptake and 

presentation by the immune system, thereby enhancing immune responses (Zhang et al. 2018, 

Sharma et al. 2018). Additionally, nanoparticles can be loaded with other immunomodulatory 

molecules, such as adjuvants or ligands, to improve the immune response further. Compared 

to traditional vaccines, nanoparticle-based vaccines can induce a more potent and specific 

immune response. In comparison to conjugate-based vaccines, nanoparticle-based vaccines 

offer several advantages. Notably, nanoparticles provide a larger surface area for antigen 

presentation, facilitating increased antigen uptake and enhanced immune recognition. 

Furthermore, nanoparticles can be tailored to target specific cell types, such as antigen- 

presenting cells, leading to a more targeted immune response. Recent applications of 

nanoparticle-based vaccines have demonstrated their effectiveness in inducing protective 

immunity against various vaccines in animal models. 



CHAPTER 2 

REVIEW OF LITERATURE 

32 

 

 

 

2.8 Generation of anti-hapten antibodies through chronic use of morphine. Morphine is an 

opioid analgesic which is commonly used to manage pain. However, long-term use of 

morphine can lead to the development of tolerance, reducing its effectiveness. Kim et al. in 

2010 discovered the presence of anti-morphine antibodies that potentially contribute to the 

development of morphine tolerance. Morphine is a large and complex molecule that needs to 

be broken down into smaller metabolites to exert its pain-relieving effect. However, repeated 

administration of morphine results in its binding with body proteins viz albumin that, triggers 

the production of anti-morphine antibodies. These antibodies bind to morphine molecules, 

preventing their interaction with opioid receptors and reducing pain-relieving effects 

(Lamichhane et al. 2021). Animal studies have shown a correlation between the production of 

anti-morphine antibodies and the development of morphine tolerance. Rats repeatedly exposed 

to morphine exhibited increased levels of anti-morphine antibodies, accompanied by a decrease 

in the pain-relieving effect of morphine, indicating the development of tolerance. Conversely, 

when rats were given an antibody-blocking drug, the production of anti-morphine antibodies 

decreased, and the pain-relieving effect of morphine was restored. These findings suggest that 

anti-morphine antibodies play a crucial role in developing morphine tolerance in rats (Kim et 

al. 2010). 

Sajid et al. showed the prevalence of anti-xenobiotic antibodies (AX-Abs) in occupationally 

exposed individuals to xenobiotics with high cancer risk. The study found that individuals with 

a low prevalence of AX-Abs had a significantly higher risk of developing cancer than those 

with a high prevalence of AX-Abs. Specifically, individuals with a low prevalence of AX-Abs 

were 3.6 times more likely to develop cancer than those with a higher prevalence of AX-Abs. 

The study revealed that individuals without AX-Abs were more likely to develop cancer than 

those with AX-Abs. These findings suggest that constant exposure to xenobiotics can result in 

the binding of these haptenic molecules to body protein. Therefore, making them immunogenic 

elicits anti-xenobiotics antibodies (Sajid et al. 2019; Kirchner et al. 2006). 

In a study conducted by Biagini et al. (1990), researchers examined whether workers exposed 

to opiates at a narcotics manufacturing facility and heroin abusers had antibodies to morphine 

in their blood. The objective was to determine if these antibodies were present in both the 

workers and the heroin abusers and if they could indicate opiate exposure (Biagini et al. 1990). 

Serum  samples  were  collected  from  the  workers  and  the  heroin  abusers,  and  a 
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radioimmunoassay was used to measure the presence of antibodies to morphine (Cowan et al. 

2003). The results indicated that the workers had significantly higher antibodies to morphine 

in their serum compared to the heroin abusers. This suggests that the workers had been exposed 

to more opiates than the heroin abusers. These findings are important as they indicate that 

workers at a narcotics manufacturing facility are at risk of substantial opiate exposure, 

potentially leading to an increased risk of developing opioid addiction or other serious health 

problems. The study's findings also contribute to understanding the prevalence of opioid 

addiction among individuals exposed to opiates in the workplace. The results support that 

workers exposed to opiates at a narcotics manufacturing facility may be more likely to develop 

opioid addiction than others. 

Overall, the literature suggests that a nanoparticle-based vaccine may be quite effective in 

generating long-term anti-morphine antibodies, memory B cells and T cells responses, 

neutralising morphine in serum, and inhibiting its ability to cross the blood-brain barrier. The 

vaccine targeted µ-opioid receptor sites and the Acr1 protein using haptens and employing 

Pam3Cys as a self-adjuvant. Such a vaccine will successfully elicit a long-term memory 

response, neutralise morphine in serum, and prevent its passage across the blood-brain barrier. 

Additionally, the vaccine will not induce tolerance to long-term opioid use. It will activate the 

immune system, such as macrophages and T cells, enhancing the body's ability to combat 

infections. Hence, the nanoparticle-based vaccine holds great potential for protecting against 

opioid addiction and TB. 

Acr1 binds to TLR-2, providing sufficient adjuvanting properties to MAPNV for generating 

high-affinity anti-morphine Abs. Anti-morphine Abs will deactivate the effect of morphine, 

and therefore, the immunosuppressive action of morphine will also be neutralised. MAPNV 

elicits the generation of the Th1 cell, which is important to defend against Mtb. Hence, 

MAPNV will offer sufficient protection against Mtb. Consequently, a balance between 

protection and pathology in the immune response to TB will not be perturbed. 
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Clinical samples 

Blood samples of 22 adult male patients (age 21-40 years) with opioid use disorder (OUD) 

were collected from the Drug De-addiction and Treatment Centre, Postgraduate Institute of 

Medical Education and Research, Chandigarh, India, and 22 male healthy controls (age 21-40) 

from the Indian Institute of Technology, Ropar, India. The study population includes patients 

with opioid use disorder and a history of chronic heavy morphine use for at least one year. 

Written informed consent was obtained from all the participants. The study was approved by 

the Institutional Ethics Committees of the Postgraduate Institute of Medical Education and 

Research, Indian Institute of Technology (IIT) Ropar. All the experiments were performed per 

the ethical guidelines of the Biomedical Research on Human Subjects, Central Ethics 

Committee on Human Research, Indian Council of Medical Research, India. 

 
Animals 

Female BALB/c, C57BL/6 and TLR-2-/- mice (aged 6-8 weeks, 22 ± 2 g)) were procured from 

the Animal House Facilities of the National Institute of Pharmaceutical Education and 

Research (NIPER), Mohali, India, Aligarh Muslim University (AMU), Aligarh, India and 

Indian Institutes of Science Education and Research (IISER), Mohali, India. The experiments 

were approved by the Institutional Animal Ethics Committees (IAEC) of the NIPER 

(IAEC/19/05), AMU (1176/01.4.2022) and IISER (176/20.03.2019). The experiments were 

performed according to the guidelines issued by the Committee for Control and Supervision of 

Experiments on Animals (CPCSEA), Ministry of Environment and Forest, Government of 

India. 

 
Chemicals and reagents 

Morphine was purchased from the Opium and Alkaloid Factories (Government of India), New 

Delhi, India (F.No.9/IMP/Sales/1/2019 - Part-IV/2358) with due clearance and approval from 

the Central Bureau of Narcotics, Gwalior, India, (0003023), and Food and Drug 

Administration, Government of Punjab, Kharar, India (Drugs [10] PB. 2019/328). 

All the reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO) or otherwise 

mentioned. Pam3CSK (tlrl-pms) was purchased from InvivoGen (Paris, France), MES buffer 

and trehalose from Himedia (Bangalore, India), and sucrose, D-mannitol from SRL (Mumbai, 

India).  N-Hydroxysuccinimide  NHS,  N-(3-Dimethylaminopropyl),  N’-ethylcarbodiimide 
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(EDC), PEG-3350, propidium iodide, paraformaldehyde, dynasore hydrate, chloroquine 

diphosphate salt, chlorpromazine hydrochloride, genistein, nystatin, cytochalasin D, rottlerin, 

5(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFSE), incomplete Freund's adjuvant 

from Sigma-Aldrich (Burlington, MO). Fluorochrome conjugated antibodies for flow 

cytometry CD16/CD32, CD19-PECy7 were procured from BD Biosciences (San Jose, CA), 

CD4-PE, MHC-11-PerCpCy5.5 from Biolegend (San Diego, CA)), CD44 PerCPCyS.5, CD86- 

PE, CD40 APC from eBiosciences (Waltham, MA). All Abs for ELISA were obtained from 

BD Pharmingen™ (San Diego, CA). Abs used in Western Blotting were purchased from 

Invitrogen, Life Technologies (Eugene, OR). The primers for RT-qPCR were bought from 

Eurofins (Bangalore, India). All tissue culture grade plastic wares were obtained from BD 

Biosciences (San Jose, CA), Thermo Fisher Scientific (Waltham, MA), Corning™ (Corning, 

NY), and Sigma Aldrich (St. Louis, MO). RPMI-1640, DMEM and fetal bovine serum (FBS) 

were procured from GIBCO (Grand Island, NY). Vacutainer tubes were procured from BD 

Diagnostics (Franklin Lakes, NJ). 

 
3.1 Purification of Acr1 protein. The recombinant Acr1 protein was purified per the protocol 

mentioned elsewhere (Siddiqui et al., 2011). Briefly, The Acr1-expressing recombinant BL21 

cells were grown overnight in LB broth (20 ml) supplemented with ampicillin (100 µg/ml). 

Later, fresh LB broth (99 ml) was added to the culture (1 ml) and incubated until the OD 

reached 0.4- 0.6. Later, 1 mM IPTG (100 µl) was added into the cultures and incubated at 37 

°C for 4 h. The culture was centrifuged, the pellet was collected and washed with equilibration 

buffer (50 mM Tris, 250 mM NaCl, 20 mM imidazole) and resuspended in 25 ml of 

equilibration buffer. It was then sonicated in ice for 15 min with a pulse interval of 10 sec. Ni- 

NTA beads were packed in a non-absorbent column and washed 10 times the bed volume with 

deionised water. The beads were equilibrated with an equilibration buffer 10 to 20 times the 

bed volume. The lysate SN was applied to the column with a minimal flow rate. The column 

was washed thoroughly with wash buffer (50 mM tris, 250 mM NaCl, 20 mM imidazole) with 

a minimum flow rate. The protein was eluted in elution buffer (50 mM Tris, 250 mM NaCl, 20 

mM imidazole). Dialysis was done overnight against PBS (1 mM, pH 7.4) to remove excess 

salt and imidazole. 
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3.2 Synthesis of Acr1 nanoparticles (AN). Acr1 nanoparticles were synthesised, as mentioned 

elsewhere by Alexandro et al. (2019). Briefly, Acr1 (0.1 g) was mixed with deionised water 

(Milli-Q type I) (10 ml) and stirred for 30 min at 400 x g at 25±2 °C. A desolvating solution 

was prepared by mixing acetone (1 ml) with ethanol (1 ml). After 30 min, the desolvating 

solution was added to the Acr1 solution at a 1 ml/min rate. Immediately glutaraldehyde solution 

(25%, 0.2 ml) was added. The solution was stirred at 400 x g at 25±2 °C for 1 h, transferred 

into a 15 ml tube, and centrifuged at 650 x g for 30 min at 4 °C. The SN was collected and 

stored at 4 °C, while the pellet was dissolved in MES buffer (1:1000 dilution) and stored at 4 

°C. 

 
 

3.3 Synthesis of morphine-Acr1-Pam3Cys nanoparticles vaccine (MAPNV). The MAPNV was 

synthesised per the protocol mentioned by Alexandro et al. (2019). Momentarily, Acr1 (0.1 g) 

was dissolved in deionised water (10 ml). The protein solution was stirred for 30 min at 400 x 

g at 25±2 °C. Morphine (1 mg) and Pam3Cys (1 mg) were dissolved in ethanol (1 ml) and 

added to the Acr1 solution, and mixed for 15 min. Simultaneously, acetone (1 ml) was mixed 

with ethanol (1 ml) to create a 1:1 desolating solution. After 30 min, the desolating solution 

was added to the Acr1 solution at a 1 ml/min rate. Immediately, glutaraldehyde solution (25%, 

0.2 ml) was added. The mixture was stirred at 400 x g at 25±2 °C for 1 h. The solution was 

transferred to a 15 ml falcon tube and centrifuged at 650 x g for 30 min at 4 °C. The SN was 

collected and stored at 4 °C. The pellet was dissolved in MES buffer (1:1000 dilution) and 

stored at 4 °C. 

 
3.4 Testing particulation efficiency. The particulation efficiency of Acr1 nanoparticles (AN) 

was evaluated per the protocol described elsewhere (Liu, 2018). Briefly, the AN were separated 

by centrifugation (650 x g for 30 min at 4 °C), and the concentration of Acr1 in the SN was 

estimated by the Bradford method. Briefly, the SN (20 μl) was added to the Bradford reagent 

(200 μl), and the samples were incubated at 25±2 °C for 10 min. Later, the plate was read at 

595 nm in a spectrophotometer Clariostar microplate reader (BMG Labtek, Ortenberg, 

Germany). The absorbance of each sample was recorded, and the protein concentration was 

calculated using the Acr1 standard curve. The nanoparticulation efficiency was calculated as 

follows: 
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Acr1 concentration before particulation – Acr1 concentration in the supernatant 

Nanoparticulation efficiency (%) = X 100 

Acr1 concentration before particulation 

 

 

 
 

3.5 Particle size distribution and zeta potential measurement. The size and charge of the 

synthesised AN and MAPNV were analysed by Nano Sight NS300 (Malvern Analytica Ltd 

Malvern, UK) per the standard protocol. In short, the nanoparticle pellets were suspended in 

distilled water (1 ml) and vortexed for 1 min for homogenous distribution. The Nano sight 

NS300 was set up and calibrated according to the manufacturer’s instructions. A 10 µl aliquot 

of the sample was loaded onto the flow cell. The flow cell was aligned with the laser beam, 

and the sample was visualised on the computer screen. The particles' size distribution and zeta 

potential were measured by the analysis software Nano Sight Tracker (Malvern Analytica Ltd, 

Malvern, UK). Further, the samples were diluted in deionised water (1 ml) and homogenised 

for 30 min. The samples were loaded in the cuvettes, and the charge on the particles was 

measured using the Malvern Zetasizer Nano ZS (Malvern Analytica Ltd, Malvern, UK). A 

blank sample of deionised water was used as a control. 

 
3.6 Particle morphology demonstrated by scanning electron microscopy (SEM). The Acr1 

nanoparticles (AN), morphine-Acr1 nanoparticles (MAN) and morphine-Acr1-Pam3Cys 

nanoparticles (MAPNV) were prepared, and the pellets were collected. The pellets were freeze- 

dried overnight at -80 °C. The samples were loaded onto copper grids and placed onto the 

electron microscope stage. The microscope was adjusted to a magnification (20000-23000). A 

series of images were taken of the samples at various magnifications and orientations and 

recorded digitally as per the Zeol standard operating procedures. The images were analysed by 

the software Zeol Image (Zeol pvt ltd, Tokyo, Japan) to measure particle size, shape and surface 

texture. The AN and MAN were taken as controls. 

 
3.7 Investigation of redispersion ability of MAPNV. The redispersion study was carried out as 

described by Das et al. (2022). In short, the MAPNV was prepared, and the size of the particles 

was analysed by Dynamic Light Scattering (DLS). The nanoparticles were freeze-dried. Later, 
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the nanoparticles were dissolved in deionised water (1 ml). The size of MAPNV was measured 

using DLS. The redispersion percentage was calculated as follows: - 

 
Size before freeze-drying 

Redispersion (%) = ------------------------------------- 100 

Size after freeze-drying 

 
 

3.8 Analysis of MAPNV using Fourier Transform Infrared (FTIR) spectroscopy. The surface 

of synthesised nanoparticles was analysed by the Fourier Transform Infrared spectroscopy 

(Bruker TENSOR 2, Billerica, MA) as per the protocol illustrated by Ahmed et al. (2018). 

Briefly, Freeze-dried AN and MAPNV were prepared and placed on a sample holder. The FTIR 

spectrometer was set to the appropriate parameters for the analysis. The sample was scanned 

spectrum from 4000 cm-1 to 600 cm-1. The absorbance of MAPNV was recorded and compared 

with AN. The spectra were analysed for differences in the positions of the peaks and intensity 

between the two samples by Image J software (University of Wisconsin, Madison, WI). 

 
3.9 Surface scanning analysis of MAPNV. The surface of the AN and MAPNV was examined 

by a Clariostar microplate reader (BMG Labtek, Ortenberg, Germany) using the method 

described by Sun, Y. et al. (2020). In short, the nanoparticles were suspended in deionised 

water (1 ml) and were pipetted into the triplicate wells (100 µl/wells) of a 96-well plate. Then, 

the UV-visible spectrophotometer was set for the number of wavelength scan points 278, 

excitation wavelength 321.0 – 598.0 nm, step width 1.0 and excitation bandwidth 1.0. The plate 

was placed in the sample holder, and the surface scan was performed at 200-550 nm 

wavelengths. The data was analysed using the Labtek data analyser (BMG Labtek, Ortenberg, 

Germany). 

 
3.10 Evaluating the efficiency of morphine conjugation on the surface of MAPNV. The standard 

curve was prepared with varying concentrations of morphine (0.1-1.0 mg/ml) in PBS (1 M, pH 

7.4) as notified by White et al. (2006). The solutions were mixed thoroughly and allowed to 

equilibrate for 10 min. The Clariostar microplate reader was set up with a wavelength of 300 

nm. The blank solution of PBS (1 M, pH 7.4) was measured in the spectrophotometer, and its 

absorbance was recorded. The absorbance value of each dilution of morphine standard 
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solutions was measured. A standard curve was plotted with the concentrations of morphine on 

the x-axis and absorbance on the y-axis. 

 
The freshly prepared MAPNV was washed thrice with PBS (1 M, pH 7.4). The nanoparticles 

were suspended in 1 ml PBS (1 M, pH 7.4). The MAPNV was disrupted by ultra-sonication at 

an amplitude of 60%, frequency of 60 kHz, and time of 30 min. The samples were centrifuged 

at 650 x g for 30 min at 4 °C, and SNs were pipetted into triplicate wells of a 96-well plate. 

The reading was taken to detect morphine using a Clariostar microplate reader at a wavelength 

of 300 nm. The concentration of morphine was calculated by Beer-Lambert law through a curve 

plotted using different concentrations (0.1-1.0 mg/ml) of standard morphine. 

 
3.11 Evaluating the efficiency of Pam3Cy (P3C) conjugation on the surface of MAPNV. The 

standard solutions of Pam3Cys (0.1-1.0 mg/ml) solubilised in water: ethanol (1:1 ratio) were 

prepared, as mentioned by Das et al. (2022). The Clariostar microplate reader was set at a 

wavelength of 280 nm, and the absorbance of the blank solution (water: ethanol, 1:1 ratio) was 

noted. The absorbance was recorded, and the standard curve was plotted using different 

concentrations of Pam3Cys on the x-axis and absorbance on the y-axis. 

 
MAPNV was prepared and washed 3x in PBS. The nanoparticles were suspended in a solution 

of water/ethanol (1 ml) and disrupted by ultra-sonication (amplitude 60%, frequency 60 kHz, 

time 30 min). The solution was centrifuged (650 x g for 30 min at 4 °C), and SNs were pipetted 

into triplicate wells of a 96-well plate. The presence of Pam3Cys in MAPNV was detected at 

280 nm by the Clariostar microplate reader, and the concentration was calculated by Beer- 

Lambert law using a standard curve of Pam3Cys. 

 
3.12 Colourimetric analysis for detecting conjugation of Pam3Cys on the MAPNV. The coating 

of Pam3Cys on the surface was evaluated by the protocol mentioned by K. C. et al. (2006). In 

brief, the 96-well plate was coated with cellulose nitrate (0.1 µg/100 µl) by incubating at 37 °C 

for 1 h. The plate’s negatively charged cellulose nitrate surface was incubated with log2 

dilutions of positively charged Acr1-morphine/biotin-P3C at 4 °C overnight. Avidin-HRP was 

added and incubated at 37 °C. After each incubation, the wells were washed 3x with phosphate 

buffer (0.1 M, pH 8). The colour was developed using OPD for 20 min, and the reaction was 



CHAPTER 3 

MATERIALS AND METHODS 

41 

 

 

 

stopped with 7% H2SO4. The absorbance was measured at OD492 nm by the Clariostar 

microplate reader (BMG Labtek, Ortenberg, Germany). 

 
3.13 Determination of morphine immobilisation on the surface of MAPNV by flow cytometer. 

The coating of morphine on the surface of MAPNV was determined by Tzeng. et al. (2006). In 

short, MAPNV was incubated with mouse anti-morphine Abs (1 µg/ml) for 1 h at 25±2 °C. 

The sample was centrifuged, the SN was discarded, and the pellet was washed 3x with PBST 

(1 MPBS + Tween 20-0.025%). The pellet was re-suspended in the Alexa Fluro (G) conjugated 

anti-mouse secondary Abs (1 µg/ml) solution and incubated for 1 h. The nanoparticles were 

washed 2x and acquired using BD Accuri C6 plus flow cytometer, and analysis was performed 

using Flowjo software (Franklin Lakes, NJ) 

 
3.14 Enzyme-linked immunosorbent assay (ELISA) for detecting morphine on the MAPNV. 

ELISA assay was used to confirm the coating of morphine on the surface of MAPNV, as 

mentioned by Eggermont, J., & Verbeeck, R. (2002). Briefly, the 96-well ELISA plate was 

treated with cellulose nitrate (0.1 µg/100 µl) at 37 °C for 2 h. The MAPNV solution (1 µg/ml) 

was prepared in distilled water (1 ml). MAPNV solution (100 μl) was added to each well and 

incubated for 2 h at 37 °C. The plate was washed, and 100 μl of the anti-morphine antibodies 

(1 µg/ml) was added. The plate was incubated at 37 °C for 1 h. The wells were washed three 

times with PBST. The HRP-conjugated secondary anti-mouse Abs (1 µg/ml, 100 µl) was added 

to the wells. The plate was incubated at 37 °C for 1 h. The wells were washed 3x with PBST. 

The substrate buffer was prepared with 5 mg of OPD in 9 ml H2O and 1 ml H2O2. The substrate 

solution (100 μl) was added to the wells and incubated at 37 °C for 10 min. The reaction was 

stopped by adding 7% H2SO4 (50 μl) to the wells. The absorbance of the solution in the wells 

was measured at OD492 nm using the Clariostar microplate reader (BMG Labtek, Ortenberg, 

Germany). 

 
3.15 Time-dependent stability of nanoparticles using dynamic light scattering. The stability of 

the MAPNV over time was evaluated as per the protocol mentioned in Kesselring, U. (1999). 

The MAPNV was dissolved in PBS (1 ml). The samples were transferred into a DLS 

measuring cascade. The hydrodynamic size of the nanoparticles was measured at 0 h. The 

samples were kept undisturbed in different conditions, such as 4 °C, -20 °C, freeze-dried, and 
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RT (25 ±2 C) for up to 180 days. The samples were reanalysed using DLS to measure their 

size on days 15, 30, 60, 90, 120, and 180. The particle size distribution was analysed, and the 

percentage of stable particles over time was determined. 

 
3.16 UV-Visible spectroscopy study revealed the stability of MAPNV. A UV-Vis spectroscopy 

study was conducted to assess the stability of nanoparticles, as mentioned by Rahman S. et al. 

(2015). MAPNV (1 mg/ml) was prepared in PBS (1 M, pH 7.4, 1 ml). The samples were 

transferred into a 96-well plate. The absorbance of the samples was measured at 0 h by a UV- 

Visible spectrophotometer. The samples were kept undisturbed at 4 °C for 180 days. Later, the 

samples were reanalysed using the Clariostar microplate reader. The absorbance spectra of the 

samples were measured. The percentage of particles that remained stable over time was 

determined. 

 
3.17 Determination of pH-dependent stability of the MAPNV. MAPNV (1 mg/ml) was prepared 

freshly and dissolved in deionised water, as mentioned by Merkle P. et al. (1999). The sample 

was transferred into a cuvette. The size and intensity of the nanoparticles were measured over 

a range of pH values (pH 4-9) over 30 min by DLS. The mean particle size and intensity were 

calculated for each pH range. Further, the UV-Visible spectrophotometer Clariostar microplate 

reader (BMG Labtek, Ortenberg, Germany) was used with a spectrum scan (wavelength 320- 

540 nm) to detect the surface cross-linking status to examine the stability across the different 

pHs. 

 
3.18 Synthesis of morphine-protein conjugates. Morphine-carrier protein conjugates were 

prepared using the protocol mentioned by Chen et al. (2017). In brief, morphine (0.1 g) and 

succinic anhydride (0.1 g) in 2 ml benzene were placed in a 50 ml flask with a condenser and 

heated for 2 h at 80 °C using a heating mantle. Later, succinic anhydride (0.1 g) was added to 

the reaction mixture and heated for an extra hour. After cooling to 25±2 °C; the benzene was 

discarded. The residual benzene was evaporated by air drying. The residue was dissolved in 

deionised water (10 ml) and adjusted to pH 2 with HCL (1 N). The solution was filtered to 

remove acid-insoluble material, and the pH was raised to approximately 8±0.5 with NaOH (1 

N) and filtered again to remove free morphine. Later the pH was adjusted to 5, resulting in 

morphine-6-succinate (M-6-S) crystallisation, while the mixture was kept in a refrigerator 
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overnight. The crystals were harvested by filtration and dried over anhydrous CaCl2 under 

decreased pressure. M-6-S (1 mg) was dissolved in 10 ml of distilled water at 37 °C containing 

BSA (1 mg). The pH of the mixture was adjusted to 5.5, and 1-ethyl-3-(3-dimethyl 

aminopropyl) carbodiimide (1 mg) was added. The mixture was incubated overnight at 25±2 

°C. The reaction mixture was concentrated using a protein concentrator (Pierce™ Protein 

Concentrator PES, 10K MWCO, Fisher Scientific, Waltham, MA). The same method was used 

to prepare morphine-Acr1, morphine-KLH, morphine-PhoP and morphine-OVA conjugates. 

 
3.19 Western blotting to detect the conjugation of morphine with BSA. The morphine-BSA (0.1 

mg/ml) diluted in Tris-HCL buffer (100 mM, pH 8.5) was heated to 95 °C for 10 min, followed 

by rapid cooling on ice, as mentioned by Chen et al. (2017). An SDS-PAGE (10 x) buffer was 

added to the sample and heated to 95 °C for 5 min to denature the proteins. A gradient 

polyacrylamide gel (4-12%) was prepared, and the sample was loaded into the wells. The gel 

was placed in an electrophoresis chamber, and the sample and electrophoresis were done at 

120 V for 90 min. Later, the gel was removed from the chamber and stained with Coomassie 

blue stain for 1 h. The gel was washed with a distaining solution for 15 min, and the bands of 

the BSA in the morphine-BSA conjugate were visualised. 

 
The gel was transferred onto a PVDF membrane using wet phase transfer for 60 min. Later, 

the membrane was blocked with 5% BSA for 1 h. The membrane was incubated with a mouse 

anti-morphine Abs overnight at 4 °C. The membrane was washed twice with TBST (10 ml) for 

5 min each and incubated with a secondary anti-mouse IgG-HRP Abs for 1 h. The membrane 

was washed thrice with TBST-20 (10 ml) for 5 min each. The membrane was developed with 

ECL reagents for 10 min, and the conjugate band was visualised by Chemidoc (Biorad PVT 

Ltd, Puchheim, Germany). 

 
3.20 Demonstration of the cytotoxicity of MAPNV. The toxicity of the MAPNV on the L929 

cells was measured as per the standard operating protocol mentioned in the Alamar blue kit 

(Thermo-Fisher Scientific, Waltham, MA). The assay was performed in 96-well plates using 

L929 cells (1×106 cells/well) in RPMI-1640-FBS-10% and different concentrations of 

MAPNV (0-50 µg/ml). After 24, 48, and 72 hours of incubation, Alamar blue reagent (10 

μl/well) was added to each well. The plates were incubated for an additional 4 h at 37°C. Later, 
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the absorbance was read at 570 nm and 600 nm using a Clariostar microplate reader (BMG 

Labtek, Ortenberg, Germany). 

 
3.21 Evaluation of MAPNV-induced lymphoproliferation. The induction of lymphocytic 

proliferation by MAPNV was evaluated using the protocol mentioned by Panton et al. (2014). 

Mice were injected MAPNV (0-20 mg/kg bwt) intraperitoneally on day 0 and day 7. On day 

12, the animals were sacrificed, and their spleens were collected. Splenocytes were labelled 

with CFSE for cell proliferation estimation and incubated with MAPNV (20 µg/ml) for 72 h. 

The cells were washed and stained with anti-mouse CD19-PE Abs and anti-mouse CD4-APC 

Abs labelled Abs for B and CD4 T cells. The cells acquired through BD Accuri were analysed 

by FlowJo software (Franklin Lakes, NJ). 

 
3.22 The detection of morphine reactive B cells in the animals immunised with MAPVN. The 

generation of morphine reactive B cells due to vaccination of MAPNV was evaluated per the 

protocol mentioned by Li J et al. (2014). In short, MAPNV (0-20 mg/kg bwt) was injected 

intraperitoneally into the mice at day 0 and day 7. On day 12, the mice were sacrificed, and the 

spleens were collected. Splenocytes were challenged in vitro with MAPNV (20 μg/kg bwt) for 

72 h. Later, the cells (1x105) were stained with morphine-FITC conjugate (1 µg/ml) and anti- 

mouse CD19-PE Abs (1 µg/ml) and analysed to detect morphine-reactive B cells. The cells 

were acquired by BD Accuri, and analysis was performed by Flowjo software. (Franklin Lakes, 

NJ). 

 
3.23 MAPNV-FITC uptake by macrophages. The macrophages (RAW 264.7) (50x104 

cells/well) were incubated with MAPNV (20 µg/ml) in a complete RPMI-1640-FCS (10 %) in 

a humidified CO2 incubator at 37 °C for 4 h. The cells were washed thrice with PBS and 

acquired using BD Accuri, and analysis was performed by Flowjo software. (Franklin Lakes, 

NJ). 

 
3.24 Evaluation of adjuvant property of MAPNV. The macrophages (RAW 264.7) (50x104 

cell/swell) were incubated with morphine (10 µg/ml) in complete RPMI-1640-FCS (10%) (to 

suppress the function of macrophages) in a humidified CO2 incubator at 37 °C for 24 h to 

determine the self-adjuvant characteristics of MAPNV as mentioned by T. R et al. (2013). 
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Later, MAPNV-FITC (20 µg/ml) was added to each well and incubated at 37°C for 4 h. After 

the incubation period, the medium was removed, and the cells were washed thrice with PBS (5 

ml). The cells were detached with trypsin-EDTA (200 µl). The activation of the macrophages 

was monitored by the uptake of MAPNV-FITC. The data were acquired using BD Accuri, and 

analysis was performed by Flowjo software. (Franklin Lakes, NJ). 

 
3.25 Demonstration of the immunostimulatory efficacy of the MAPNV in mice exposed to 

morphine. The immunostimulatory impacts of MAPNV were evaluated by the protocol 

mentioned in Lu, Z. (2017). The mice were injected with morphine (10 mg/kg bwt) for 7 days. 

Later, they were inoculated with MAPNV (20 mg/kg bwt) on days 7 and 12. On day 17, the 

mice were sacrificed, and the splenocytes were stained with CFSE (5 µM). The cells were 

labelled with CFSE and in vitro challenged with MAPNV (20 µg/ml) for 72 h in complete 

RPMI-1640+FCS (10%). Next, the cells were stained with anti-mouse CD19 Abs for B cells 

and anti-CD4 for T cells to monitor their proliferation. The cells were acquired using BD 

Accuri, and analysis was accomplished by Flowjo software (Franklin Lakes, NJ). 

 
3.26 Demonstration of MAPNV-FITC phagocytoses through TLR-2. The importance of TLR- 

2 in the phagocytosis of MAPNV was evaluated by the method prescribed by Das et al. (2022). 

The wild-type and TLR-2-/- C57BL/6 female mice (6-8 weeks, 22±2 gm) were injected with 

morphine (10 mg/kg bwt) for 7 days. On day 8, the mice were sacrificed, and bone marrow 

cells (BMCs) were collected. The mononuclear cells were then isolated by centrifugation at 

400 x g for 10 min and seeded in a 6-well plate (1x106 cells/well) in RPMI-1640+FCS (10%). 

The cells were stimulated with recombinant mouse IL-4 (20 ng/ml) and GM-CSF (20 ng/ml) 

and incubated for 6 days. The dendritic cells (DCs) were harvested using trypsin-EDTA (200 

µl) and seeded in a 6-well plate (50x104 cells/well). Subsequently, MAPNV-FITC (20 µg/ml) 

was added into the wells and incubated for 4 h at 37 °C. Later, cells were harvested and stained 

for CD80, CD86 and CD40 expression using fluorochrome-tagged respective Abs. The cells 

were acquired using BD Accuri, and analysis was performed by Flowjo software (Franklin 

Lakes, NJ). 

 
3.27 The examination of the prophylactic efficacy of MAPNV vaccine. The BALB/c mice were 

vaccinated with MAPNV (20 mg/kg bwt) on day 0 and day 7, and the control groups with 
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placebo (PBS), morphine (10 mg/kg bwt), MAN (20 mg/kg bwt), MANPV + alum (20 mg/kg 

bwt) and P3C+MAN+alum (20 mg/kg bwt). Consequently, the mice were injected with 

morphine (10 mg/kg bwt) from day 12 to 45. On day 46, the mice were sacrificed. The 

generation of anti-morphine Abs, the proliferation of CD4+ T cells and CD19+ B cells, long- 

lasting memory B and T cell generation, morphine neutralisation ability and opioid receptor 

function tests were monitored. 

 
3.28 Testing of the therapeutic efficiency of MAPNV vaccine. Female BALB/c mice were 

divided into fourteen groups, with 5 mice/group. The mice were exposed to morphine (10 

mg/kg bwt) for 21 days. In between, on days 16 and 18, mice were administered placebo (PBS), 

morphine (10 mg/kg bwt), M1MAPNV5 (morphine 1 mg/kg bwt + MAPNV 5 mg/kg body 

weight), M1 MAPNV 10 (morphine 1 mg/kg bwt + MAPNV 10 mg/kg body weight), M1 

MAPNV 20 (morphine 1 mg/kg bwt + MAPNV 20 mg/kg body weight), M5 MAPNV 5 

(morphine 5 mg/kg bwt + MAPNV 5 mg/kg body weight), M5 MAPNV 10 (morphine 5 mg/kg 

bwt + MAPNV 10 mg/kg body weight), M5 MAPNV 20 (morphine 5 mg/kg bwt + MAPNV 

20 mg/kg body weight), M10 MAPNV 5 (morphine 10 mg/kg bwt + MAPNV 5 mg/kg body 

weight), M10 MAPNV 10 (morphine 10 mg/kg bwt + MAPNV 10 mg/kg body weight), M10 

MAPNV 20 (morphine 10 mg/kg bwt + MAPNV 20 mg/kg body weight), M1APN20 

(morphine 1 mg/kg bwt + APN 20 mg/kg body weight), M5APN20 (morphine 5 mg/kg bwt + 

APN 20 mg/kg body weight), M10APN20 (morphine 10 mg/kg bwt + APN 20 mg/kg body 

weight). The animals were injected with morphine (1, 5, 10 mg/kg bwt) for 15 days. Later, they 

were vaccinated on alternative days with 3 doses of MAPNV (5, 10, 20 µg/kg bwt). Later, the 

mice were sacrificed, and serum, brain and spleens were collected and analysed for B cell and 

T cell proliferation, long-term memory T cell and B cell generation and opioid receptor 

expression. 

 
3.29 Investigation of the proliferation of CD4 T and B cells obtained from the vaccinated 

animals. The immunomodulatory impacts of MAPNV were demonstrated by the protocol 

mentioned elsewhere in T. R et al. (2013). In short, the single-cell suspension of splenocytes 

isolated from the vaccinated (prophylactic and therapeutic) and control groups was prepared. 

The CFSE-labelled splenocytes were cultured with MAPNV (20 µg/ml) for 48 h at 37 °C in a 

humidified 5% CO2 incubator. Later, the cells were washed 3X with PBS (2 ml, 1 mM, pH 7.4) 
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and labelled with fluorochrome labelled anti-CD19 Abs (1 μg/ml) and CD4 Abs (1 μg/ml) Abs 

and acquired on BD Accuri and analysed by Flowjo software (Franklin Lakes, NJ). 

 
3.30 Examining the presence of memory CD4+ T cells on the MAPNV vaccination. The 

generation of the memory response given MAPNV was demonstrated by the protocol 

mentioned by Liu, H. et al. (2013). The cells were cultured as mentioned above for the CD4 T 

and B cell proliferation. After 40 h, the cultures were harvested and stained with fluorochrome 

labelled anti-mouse CD4, CD44 and CD62L Abs. The cells were acquired through BD Accuri 

and analysed by Flowjo software. (Franklin Lakes, NJ) for the expression of the CD4+CD44hi 

CD62Lhi population. 

 
3.31 Enumeration of morphine reactive B cells in the MAPNV vaccinated animals. The 

generation of morphine reactive B cells due to vaccination of MAPNV was evaluated per the 

protocol mentioned by Li J et al. (2014). As mentioned, the spleen was isolated, and a single- 

cell suspension was prepared and incubated. The cells were harvested and incubated with 

morphine-FITC conjugate (10 µM/100 µl) and stained with anti-CD19 Abs (1 µg, 10 µl) for 

10 mins at 22 oC. After incubation, the cells were washed 2X in PBS. Later, the cells were 

acquired using BD Accuri, and analysis was performed with Flowjo software. (Franklin Lakes, 

NJ). 

 
3.32 Measuring anti-morphine Abs in the MAPNV vaccinated animals. The standard ELISA 

protocol was performed, as mentioned in Vidyarthi et al. (2015). Briefly, the 96-well plates 

were coated with morphine-KLH conjugates (0.001-1 µM, 100 µl/well). Later, the plates were 

washed 3X with PBST (Tween 20: 0.025%) and blocked with skimmed milk (5%, 150 µl) for 

1 h at 4 °C. After the blocking; the plates were washed 3X with PBST. Serum samples (1:10) 

from vaccinated animals were added to the different wells. The plates were incubated at 4 °C 

for 2 h. Later, the secondary anti-mouse IgG+M+A-HRP Abs (0.1 µg/ml, 100 µl) were added, 

and the plates were incubated for 1 h at 4 °C. The plates were washed 5X with PBST. The 

colour was developed using a tetramethylbenzidine (TMB) substrate (100 µl), and the 

absorbance was measured at OD450 nm wavelength using a microplate reader (BMG Labtek, 

Ortenberg, Germany). The serum from placebo (PBS), morphine, MAN, P3C+MAN+Alum 

and MAPNV + Alum groups were taken as control. 
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3.33 Estimation of IgG and IgM subtype of anti-morphine Abs on MAPNV immunisation. The 

standard ELISA protocol was performed, as mentioned in Vidyarthi et al. (2015). Momentarily, 

the 96-well ELISA plate was coated with morphine-KLH conjugate (0.001 µM, 100 µl/well) 

and incubated overnight at 4 °C. The plates were washed 3X with PBST (Tween 20: 0.025%) 

and blocked with skimmed milk (5%, 150 µl) for 1 h at 4 °C. After the blocking; the plates 

were washed 3X with PBST. Serum samples (1:10) from vaccinated animals were added to the 

different wells. The plates were incubated at 4 °C for 2 h. Later, anti-mouse secondary Abs 

(IgG) (0.1 µg/ml, 100 µl) and anti-mouse secondary Abs (IgM) (0.1 µg/ml, 100 µl) were added 

to separate wells. The reaction was stopped using HCL (1 M, 50 µl) and incubated for 5 min 

in the dark at 25±2 °C. Standard incubation and washing protocols were followed at every step. 

The absorbance was measured at OD450 nm using a Clariostar microplate reader (BMG Labtek, 

Ortenberg, Germany). The serum from placebo (PBS), morphine, MAN, P3C+MAN+Alum 

and MAPNV + Alum groups were taken as control. 

 
3.34 Estimation of morphine in the brain and serum on immunisation with MAPNV. The 

quantification of morphine in the serum and brain of the vaccinated and control animals was 

done per the protocol mentioned by Carneiro et al. (2012) and Matsuda et al. (2012). Firstly, a 

standard curve was prepared of different concentrations of morphine (0.1-1.0 mg/ml) 

solubilised in PBS (1 M, pH 7.4). The OD was recorded with a UV-Vis spectrophotometer at 

a wavelength of OD300 nm. The absorbance of the blank solution (PBS, 1 M, pH 7.4) and the 

different concentrations of morphine (0.01-1 µM/ml) were recorded and plotted to create a 

standard curve. The serum samples collected from the animals were pipetted into triplet wells 

of a 96-well plate. The absorbance of the sample was measured using a UV-Vis 

spectrophotometer at OD300 nm. The concentration of morphine was calculated using the Beer- 

Lambert law using the standard morphine curve. The values are expressed as µM. Similarly, 

the quantification of morphine was done in the brain. Brains from the MAPNV-vaccinated 

animals were obtained and placed in a homogeniser with PBS (10 mM, pH 7.4) (10 ml) for 10 

seconds. Subsequently, it was centrifuged at 10000 x g for 10 min at 4 °C. The sample was 

transferred into a fresh tube and centrifuged at 10000 x g for 1 h at 4 °C. The SN was discarded, 

and the pellet was resuspended in PBS (10 ml). This process was repeated two times. Later, 

NaCl (2M, 1 ml) was added and thoroughly mixed with the samples. The tube was centrifuged 

at 10000 x g for 1 h at 4 °C. The pellet was resuspended in PBS (10 ml). Later, urea (4 M, 10 
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ml) was added and mixed with the sample. The sample was centrifuged at 10000 x g for 1 h at 

4 °C. SDS (10%) (1 ml) was added to the samples and mixed. The sample was centrifuged at 

10000 x g for 1 h at 4 °C. The pellet was resuspended in PBS (10 ml). The solution was dialysed 

against PBS (1 mM, pH 7.4, 50 ml)) for 4 h. The sample has centrifuged at 10000 x g for 1 h 

at 4 °C. The pellet was resuspended in PBS (10 ml) and stored at -20 °C. The absorbance of 

the sample was measured using a UV-Vis spectrophotometer at OD300 nm. The concentration 

of morphine was calculated using the Beer-Lambert law using the standard morphine curve. 

The values are expressed as µM 

 
3.35 Isolation of RNA from the brain and splenocytes on inoculation of MAPNV. RNA was 

isolated from the brain and splenocytes of the animals as per the standard operating protocol 

mentioned by the manufacturer (Thermo-Fisher Scientific, Waltham, MA). In short, using a 

glass homogeniser (Thermo-Fisher Scientific, Waltham, MA), the brain was homogenised in 

ice in TRIzol reagent (Thermo-Fisher Scientific, Waltham, MA) (1 ml). The homogenate was 

incubated for 10 min at RT. Chloroform (200 µl) was added to the homogenate, vortexed for 

30 seconds, incubated for 10 min at RT and centrifuged at 12000 x g for 15 min at 4 °C. The 

SN was transferred into a new tube, and isopropanol (500 µl) was gently mixed and incubated 

for 15 min at RT, and the mixture was centrifuged at 12000 x g for 10 min at 4 °C. The SN was 

discarded, and the pellet was washed with ethanol (75%, 200 µl) and centrifuged at 12000 x g 

for 10 min at 4 °C. The pellet was air-dried and dissolved in DEPC-treated water (20 µl), and 

RNA was quantified using Nano-Drop (Thermo-Fisher Scientific, Waltham, MA) as per the 

manufacturer’s standard operating protocol. 

 
3.36 Synthesis of cDNA from the RNA. The cDNA was prepared using the Reverse 

Transcription Kit (Thermo-Fisher Scientific. Waltham, MA), as per the manufacturer’s 

protocol. The reagents, RT buffer (2.5 μl), dNTP mix (2.5 μl), random primers (2.5 μl), and 

reverse transcriptase enzyme (1.0 μl), were added to the RNA (1 µl) isolated from splenocytes 

and brain separately. The reaction mixture was thoroughly mixed, briefly spun, and incubated 

at 25±2 °C for 10 min. Subsequently, enzyme mix (1 μl) was added to the tube and gently 

mixed. The mixture was incubated at 42 °C for 60 min. Finally, the reverse transcriptase 

enzyme was inactivated by heating at 85 °C for 5 min, and the cDNA sample was stored at -20 

°C until use. 
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3.37 RT-qPCR to determine the cytokines gene expression level in the MAPNV vaccinated 

animals. The RT-qPCR analysis was done to evaluate the level of different gene expressions, 

as mentioned in the standard operating protocol of Sybr Green (Biorad PVT Ltd, Sacramento, 

California). The RT-qPCR was performed for the cytokine TNF-α, IL-1β, IL-6, IL-4, and IFN- 

γ. Firstly, each forward primer (1 µl) and reverse primer (1 µl) was added to a clean, nuclease- 

free DEPC-treated tube. Then nuclease-free DEPC-treated water (4 µl) was added to the tube. 

Later, Sybr green (Biorad PVT Ltd, Sacramento, CA) (3 µl) was added to the tube, and the 

solution was gently mixed by pipetting. The prepared cDNA (1µl) was added to the respective 

tubes and briefly spun to settle it. Finally, the RT-qPCR was performed according to the 

program specified, step 0: 50 °C for 25 sec, step 1: 95 °C for 30 sec, step 2: 95 °C for 5 sec, 

step 3: 60 °C for 30 sec, step 4: 72 °C for 30 sec. Similarly, the RT-qPCR was also performed 

to evaluate the OPRM and dopamine genes in vaccinated animals’ brains. 

 
3.38 Examining the Effects of Vaccination on the Behaviour of Animals. Female BALB/c mice 

were divided into fourteen groups, with 5 mice/group. The mice were exposed to morphine (10 

mg/kg bwt) for 21 days. In between, on days 16 and 18, mice were administered placebo (PBS), 

morphine (10 mg/kg bwt), MAN (morphine 10 mg/kg bwt + MAN 20 mg/kg body weight), 

MAPNV (morphine 10 mg/kg bwt + MAPNV 20 mg/kg body weight) and MAPNV + Alum 

(morphine 10 mg/kg bwt + MAPNV + alum 20 mg/kg body weight). All groups' baseline body 

weight, food consumption, water intake, and animal movement were recorded every alternative 

day. The behaviours were then compared before vaccination (day 0) and after vaccination (day 

22). 

 
3.39 Estimation of anti-morphine Abs levels in the serum of chronic morphine abusers. The 

standard ELISA protocol was performed, as mentioned in Vidyarthi et al. (2015). Momentarily, 

the 96-well microtiter plates were coated overnight RT (25±2 °C) with morphine-BSA 

conjugate (1 mM, 100 µl) in carbonate-bicarbonate buffer (pH 9.6). The plates were washed 

3x with PBST (PBS 1M, Tween-20, 0.05%). Unsaturated sites of the wells were blocked with 

skimmed milk (5% in PBS 0.01M, pH 7.2, 150 µl) for 2h at 37 oC. The plates were washed 3x 

with PBST. Different serum dilutions (0, 10, 100 and 1000) of the chronic morphine abusers 

and normal healthy controls in buffer (0.5% skimmed milk + PBST, 100 µl) were added into 

the wells and incubated for 1 h at 37 oC. The plates were washed 3x with PBST, and anti- 
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human IgM+A+G-HRP (0.1 ng, 100 µl) secondary Abs were added and incubated for 1 h at 37 

oC. The plates were washed 5x with PBST and incubated with OPD for 20 min at 37 oC. The 

reaction was stopped using H2SO4 (7%, 50 µl), and OD was measured at 492 nm using the 

Clariostar microplate reader (BMG Labtek, Ortenberg, Germany). BSA-coated wells were 

used as the negative control. 

 
3.40 Demonstration of the level of anti-morphine Abs. The level of specificity of anti-morphine 

Abs was evaluated per the protocol mentioned by Kolekar S. et al. (2014). In short, different 

dilutions (0.001, 0.01, 0.1, 1) of morphine-BSA conjugates (1 µM) were coated in separate 

wells of 96 well plates. Unsaturated sites of the wells were blocked with skimmed milk (5% in 

PBS 0.01M/pH 7.2, 150 µl) for 2h at 37 oC. The serum samples of the chronic morphine 

abusers and normal healthy controls (100 µl) were added into the wells and incubated for 1 h 

at 37 oC. The plates were washed 3x with PBST. Later, anti-human IgM+A+G-HRP (0.1 ng, 

100 µl) was added and incubated for 1 h at 37 oC. The plates were washed 5x with PBST and 

incubated with OPD (100 µl) for 20 min at 37 oC. The reaction was stopped using H2SO4 (7%, 

50 µl), and OD was measured at 492 nm using the Clariostar microplate reader (BMG Labtek, 

Ortenberg, Germany). 

 
3.41 Estimation of free morphine in the serum of chronic morphine users. The free and immune 

complexed morphine was estimated in the serum samples of the chronic morphine users and 

normal healthy controls. The free morphine was separated from the immune complexes (ICS) 

using the protocol described elsewhere (Chen et al., 2018). Briefly, PEG 6000 (20 µM) in PBS 

(5 ml) was added to the serum of the chronic morphine users and healthy controls and incubated 

ON at 4 °C. The precipitate was centrifuged at 2,000 x g for 30 min at 4 °C, SN was discarded, 

and the pellet was washed with PEG 6000 (10 µM) at 2,000 x g for 20 min at 4 °C. SNs were 

isolated, and precipitates were resuspended in pre-warmed PBS (2 ml) for 1 h at 37 °C. The 

concentration of morphine was estimated using a standard morphine [1-10 µM/ml] curve by a 

Clariostar microplate reader (BMG Labtek, Ortenberg, Germany). 

 
3.42 Neutralisation of morphine by anti-morphine Abs. The binding of anti-morphine Abs to 

morphine and its neutralisation efficiency was measured (Zhang Y. et al. (2016). Briefly, sera 

chronic morphine users and normal healthy controls were centrifuged for 30 min at 10,000 × g 
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at 4 °C. Later, Tris–HCL (1M, pH 8.0, 1 ml)) was added to the samples. With continuous 

stirring, saturated ammonium sulphate solution was added. The solution was incubated at 4 °C 

for 6 h with continuous stirring and centrifuged for 30 min at 10,000 × g. The SN was 

discarded, and the pellet was washed 2x with ammonium sulphate solution (50%). The pellet 

was dissolved in the buffer (PBS 10 mM, pH 7.4, 5 ml). It was dialysed and stored at -20 oC. 

The isolated Igs (10 µg/ml) were allowed to react with the exogenously added morphine (1 

mM) ON at 37 oC. Later, it was dialysed 2X against PBS (2 ml) (0.01 M). The SN was collected 

and stored at -20 °C. The dialysate was collected, and the PEG precipitation method was used 

to quantify morphine-bound to the anti-morphine Abs (Meza-Carmen et al. 2012). Free 

morphine and morphine complexed with Abs were quantified using the standard curve of 

morphine using the Clariostar microplate reader. 

 
3.43 Isolation of RNA from the serum of chronic morphine users. Total RNA was isolated from 

the serum samples of all the chronic morphine users’ patients and normal healthy controls, as 

mentioned elsewhere (Cheng G et al. (2008). Briefly, the frozen serum samples (400 µl) were 

thawed on ice, diluted with RNase-free H2O (100 µl) and added with proteinase K (1 mg/ml). 

The samples were incubated at 37 °C for 20 min. Subsequently, the Tri-Reagent RT LS 

(Thermo-Fisher Scientific. Waltham, MA) (500 µl) was added to the tubes. The tubes were 

briefly inverted to homogenate and then transferred into microcentrifuge tubes (2 ml). The 

chloroform (200 µl) was added to the tubes, vortexed and centrifuged at 15,000 × g for 10 min 

at 4 °C. The upper transparent layer was transferred into a fresh tube, and isopropanol (100%, 

500 µl) was added. The solution was incubated at 25±2 °C for 10 minutes and centrifuged for 

20 minutes at 15,000 ×g at 4 °C. The pellet was collected and washed with ethanol (70%, 200 

µl) and re-centrifuged at 10,000 × g for 10 min at 4 °C. The tubes were air-dried, and the pellets 

were dissolved with DEPC-treated water (50 µl). The purity of the isolated RNA was checked 

using the Nanodrop One/One C Micro volume UV-visible spectrophotometer (Thermo-Fisher 

Scientific. Waltham, MA) as per the standard operation protocol prescribed by the 

manufacturers. 

 
3.44 Preparation of the cDNA. Per the manufacturer's instructions, the cDNA was prepared 

with a high-capacity reverse transcription kit (Thermo-Fisher Scientific, Waltham, MA). 

Briefly, the reaction master mix was prepared with RT buffer (10x, 2.0 µl), dNTPs Mix (25x, 
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100 mM, 0.8 µl), RT Random Primers (10x, 2.0 µl), reverse transcriptase (1.0 µl), RNase 

inhibitor (1.0 µl) and nuclease-free H2O (3.2 µl). Then RT master mix (2x, 10 µl) was pipetted 

into the PCR tubes. Later, RNA (1 µg) was diluted in DEPC-treated water (10 µl) and pipetted 

into separate tubes. The tubes were sealed, and a quick spin was done to settle the contents and 

eliminate air bubbles. The tubes were loaded on the thermal cycler (Thermo-Fisher Scientific. 

Waltham, MA). The reaction was then carried out according to the manufacturer’s instructions 

(Thermo-Fisher Scientific. Waltham, MA): step 1: temperature 25 °C, time 10 min; step 2: 

temperature 37 °C, time 120 mins; step 3: temperature 85 °C, time 5 mins; step 4: temperature 

4 °C, time ∞. Finally, the RT-qPCR was performed according to the program specified, step 0: 

50 °C for 25 sec, step 1: 95 °C for 30 sec, step 2: 95 °C for 5 sec, step 3: 60 °C for 30 sec, step 

4: 72 °C for 30 sec. 

 
 

3.45 Statistical analysis. The statistical analysis was performed using the Two-Tailed test and 

One-way ANOVA’s multiple comparisons tests. A two-tailed test is used to evaluate the data 

collected from the animals. It can be evaluated for positive and negative results, allowing a 

more comprehensive understanding of their responses. The One-way ANOVA’s multiple 

comparison tests were used in the animal studies to determine if there was a statistically 

significant difference between the means of different groups within the study. This test allows 

researchers to look at the effect of multiple independent variables on a single dependent 

variable and then compare the means of the different groups to see if there is a significant 

difference. The data are represented as mean ± SD unless and otherwise mentioned. *p < 0.1, 

**p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant. 
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4.1. The Mycobacterium tuberculosis (Mtb) Acr1 protein nanoparticles (AN) coated with 

morphine and Pam3Cys exhibited polydispersity and positive zeta potentials. By examining 

the particle size distribution and zeta potential of the suspension, we aimed to gain important 

information regarding the physical and chemical properties of the morphine-Acr1-Pam3Cys 

nanoparticles vaccine (MAPNV) and control Acr1 nanoparticles (AN), such as charge, 

interactions with other particles, and binding potential. To investigate the size and charge 

distribution of nanoparticles, we have used particle size distribution and zeta potential. The 

particle size distribution analysis of the AN revealed a mean size of 86 ± 19.2 nm, with a 

concentration of 8.4 x 109 particles/ml (Fig. 1A). Additionally, the particle's dynamic light 

scattering analysis showed a polydispersity index of 0.2, indicating low polydispersity of the 

particles (Fig. 1B). The particles displayed a positive zeta potential charge of 42.4 mV (Fig. 

1C). 
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The Nano-Tracking Analysis (NTA) of the MAPNV showed a mean particle diameter of 106.1 

± 23.9 nm (Fig. 1D), with a polydispersity index (PI) of 0.22 and a concentration of 2.0 x 104 

particles/ml (Fig. 1E). Additionally, the charge on the particles was 37.3 mV (Fig. 1F). These 

results demonstrated that the particles had a low and a positive zeta potential charge. 

 

 

 

 
Figure 1. The particle size distribution and shape analysis of the Mycobacterium tuberculosis 

(Mtb) Acr1 protein nanoparticles coated with morphine and Pam3Cys. Acr1 nanoparticles 

(AN) (1 mg/ml) were synthesised and analysed using Nanosight NS300 for (A) size and 

concentration; (B) size versus intensity; (C) charge. The morphine-Acr1-Pam3Cys 

nanoparticle vaccine (MAPNV) was engineered using the Acr1 protein of Mtb with morphine 

and Pam3Cys coated on the surface. The MAPNV (1 mg/ml) was analysed for (D) size and 

concentration; (E) size and intensity; (F) charge. The data shown are representative of 3 

independent experiments. 
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4.2 Particulation efficiency of Acr1 nanoparticles (AN). To evaluate the efficiency of the 

protocol to generate the optimum quantity of nanoparticles from the protein, the particulation 

efficiency of the nanoparticle formation was tested. The protein concentration of AN was 0.777 

± 0.047 mg/ml, while the protein content in the SNs was 0.089 ± 0.005 mg/ml and 

nanoparticulation efficiency was 77.7 ± 4.7%. Thus indicating the high nanoparticulation 

efficiency of Acr1 nanoparticles (Fig. 2). These results demonstrated the suitability of Acr1 

nanoparticles as a vaccine candidate. 
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Figure 2. Particulation efficiency of Acr1 nanoparticles (AN). The ANs were checked for their 

particulation efficiency by the Bradford method. The bar graphs represent the total Acr1 protein 

in the nanoparticles (Loading), the free Acr1 protein after particulation (supernatant), and the 

particulation efficiency of AN (Recovery). The particulation efficiency was calculated using 

the formula: Particulation efficiency (%) = Acr1 concentration before particulation – Acr1 

concentration in the supernatant / Acr1 concentration before particulation X 100. The data are 

from 3 independent experiments. Each dot represents a single experiment. The Two-Tailed test 

was used for statistical analysis. The data (mg/ml) are represented as mean ± SD. ***p<0.001, 

****p<0.0001. 
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4.3 Scanning electron microscopy (SEM) showed that MAPNVs are highly ordered and 

crystalline with minimal aggregation. This investigation was done to understand the 

morphology of particles using scanning electron microscopy. This investigation was used to 

gain a detailed understanding of the various features of a particle, such as its size, shape, 

texture, and other related characteristics. To conduct this investigation, a scanning electron 

microscope was used to closely examine the particles at very high magnifications. The results 

of the SEM image analysis showed that the nanoparticles had a spherical shape with a smooth 

surface texture, highly distinguished and not aggregated. Additionally, the particles displayed 

a high degree of crystallinity, indicating that they were composed of ordered and crystalline 

structures. The analysis revealed that the AN (Fig. 3A) had a slight degree of aggregation, 

whereas the MAN (Fig. 3B) and MAPNV (Fig. 3C) particles were more distinctively 

segregated. These results demonstrated that MAPNV particles are highly ordered, crystalline 

structures with minimal aggregation. 

 

 

Figure 3. Scanning electron microscopy of the morphine-Acr1-Pam3Cys nanoparticle vaccine 

(MAPNV). The morphology of MAPNV was analysed by SEM. The images of particles of 

various sizes and shapes, with a smooth surface texture of (A) Acr1 nanoparticles, (B) 

morphine-Acr1 nanoparticles, (C) morphine-Acr1-Pam3Cys nanoparticles. The pictures were 

taken at 20000X magnification (scale: 1 µm). The data are representative of 3 independent 

experiments. 
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4.4 The freeze-drying demonstrated a decrease in the MAPNV. This experiment was conducted 

to investigate the effect of freeze-drying on the hydrodynamic size of the MAPNV. This 

investigation of redispersion ability was aimed at evaluating the efficacy of MAPNV to be 

redispersed in a given solution. This is important to determine its suitability for vaccine 

delivery. The results revealed that the size of the MAPNV was 151.3 ± 2.9 nm when 

synthesised (Fig. 4A) and 115.7 ± 3.0 nm after freeze-drying (Fig. 4B). This indicated a 

reduction in the size of MAPNV by 24.6 ± 1.9%, suggesting that the nanoparticles had 

undergone redispersion. These findings demonstrated that freeze-drying had led to a decrease 

in particle size but not to the extent of aggregation, which is beneficial for vaccine efficiency. 

 

 

Figure 4. Impacts of freeze-drying on the hydrodynamic size of the MAPNV. The MAPNV was 

analysed for re-dispersion efficiency and hydrodynamic size using Nanosight NS300. The 

graph shows the size and concentration of the nanoparticles after (A) synthesis; (B) freeze- 

drying. The data are representative of 3 independent experiments. 
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4.5 Fourier transform infrared (FTIR) spectra of MAPNV. Fourier Transform Infrared (FTIR) 

spectroscopy was used to assess the physical and chemical properties of MAPNV. FTIR 

spectroscopy measures infrared light absorption or emission of a sample at different 

frequencies. This way, various functional groups of molecules in the sample are identified. By 

obtaining FTIR spectra of the MAPNV samples, we determined the presence of specific 

functional groups in the samples. The FTIR spectra of MAPNV (orange) and AN (blue) were 

collected and compared (Fig. 5). The absorbance of AN showed a broad peak at 1650 cm-1, 

indicating the presence of an amide group. The transmittance of MAPNV showed two distinct 

peaks at 1664 cm-1 and 1620 cm-1, denoting the presence of an amide group and a peptide bond, 

respectively. Additionally, an absorbance peak at 1415 cm-1 was observed, signifying the 

presence of a hydroxyl group in MAPNV (Fig. 5). The results suggested that the morphine and 

Pam3Cys were successfully conjugated on the surface of the MAPNV. 

 

 

 

 

 

 
Figure 5. Fourier transform infrared (FTIR) spectra of MAPNV. The surface of the MAPNV 

was characterised by FTIR. The orange line depicts the surface interferogram of the MAPNV. 

The AN was taken as a control depicted in the blue line. The data shown are illustrative of 3 

independent experiments. 
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4.6 The conjugation of morphine and Pam3Cys on the surface of MAPNV. This experiment 

was done to determine the coating of morphine and Pam3Cys onto the surface of MAPNV. By 

scanning the surface of the nanoparticles, we gain insight into specific characteristics of each 

sample, such as size, elemental composition, and surface topography. Results from surface 

spectral scans showed a shift from 320-350 nm and 450-550 nm, illustrating the successful 

conjugation of morphine and Pam3Cys to the MAPNV surface. Morphine is a hydrophobic 

molecule, and adding a hydrophobic moiety to the MAPNV’s surface resulted in a change in 

the surface tension and a shift in the peak of the surface scan at 320-350 nm. The presence of 

the Pam3Cys molecule on the MAPNV surface increases the negative charge on the 

nanoparticle surface, resulting in a further surface scan peak shift at 450-550 nm (Fig. 6). These 

results suggested that the surface tension of the nanoparticle had changed, confirming the 

successful surface coating of morphine and Pam3Cys on the MAPNV. 

 

 

 
 

 

 

Figure 6. The demonstration of surface structure scan of MAPNV. The MAPNV was tested for 

its surface structure and characterised by spectral scan using the Clariostar UV-Visible 

spectrophotometer. The lines show the surface spectral scan of AN (blue) and MAPNV 

(orange) nanoparticles. AN was taken as a control. The data shown are representative of 3 

independent experiments. 
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4.7 The concentration of morphine in the nanoparticles suggested effective conjugation of 

morphine on the surface of MAPNV. The experiment was conducted to determine the 

concentration of morphine in MAPNV. In this experiment, we tested the presence of morphine 

on the surface of MAPNV. Here we have used the spectro-photometer to quantify morphine. 

The content of morphine in the MAPNV (1.1 ± 0.012 mg/ml) was significantly (p<0.0001) 

higher than negative control AN (0.04 ± 0.015 mg/ml), i.e., nanoparticles without morphine. 

The AN was taken as a control as it is the base for the MAPNV and do not have morphine on 

its surface. Besides suggesting the assay’s specificity, the results also indicate the quantity of 

morphine in MAPNV (Fig. 7). 
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Figure 7. The estimation of the concentration of morphine in MAPNV. MAPNV (2x106 

particles/ml) was tested for the presence of morphine by a standard curve of different 

concentrations of morphine. The red bar represents the amount of morphine coated on the 

surface of MAPNV. The AN was taken as a control and represented as a blue bar. The AN is 

the base variant for MAPNV, and morphine was coated on AN to formulate MAPNV. The data 

shown are from 5 independent experiments. Each dot indicates a single experiment. The results 

were analysed using a Two-Tailed test. The data (mg/ml) are represented as mean ± SD. 

****p<0.0001. 
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4.8 The presence of Pam3Cys on the surface of MAPNV. We have investigated the presence of 

Pam3Cys on the surface of the MAPNV vaccine to quantify the amount of Pam3Cys coated on 

it. To accomplish this, a UV-visible spectrophotometer and colourimetric analysis were used 

to measure the adsorption of Pam3Cys onto the MAPNV nanoparticles. This technique 

provided a label-free measurement of the surface interaction, allowing for precisely 

determining the presence of Pam3Cys. The concentration of Pam3Cys (0.823 ± 0.1 mg/ml) in 

MAPNV was substantially greater (p<0.0001) than the negative control AN (0.06 ± 0.17 

mg/ml) that was without Pam3Cys (Fig. 8A). The results demonstrated the level of Pam3Cys 

in the MAPNV. Furthermore, biotinylated Pam3Cys was used to validate the presence of 

Pam3Cys on the surface of MAPNV. A significantly (p<0.0001) higher absorbance (1.946 ± 

0.16 nm) of MAPNV, as compared to the controls ANP (2.7 ± 0.23 nm), AN (0.04 ± 0.01 nm) 

and MAN (0.06 ± 0.02 nm), was noted (Fig. 8B). The results primary and secondary Abs used 

were taken as blank control to reduce cross reactivity These results confirm the presence of 

Pam3Cys on the surface of MAPNV. 
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Figure 8. The assessment of the presence of Pam3Cys on the surface of MAPNV. (A) The 

amount of Pam3Cys displayed on MAPNV (2x106 particles/ml) was estimated by a UV 

spectrometer. The red bar depicts the Pam3Cys coated on the surface of the MAPNV. The blue 

bar represents the control AN. The quantification of Pam3Cys was done using the standard 

curve of Pam3Cys by Absorbance spectrophotometry. (B) The coating of Pam3Cys on the 

surface of the MAPNV was evaluated using a colourimetric assay. The biotin-P3C was 

conjugated on the surface of the MAPNV. The bar graph shown in purple denotes the OD492 

values of the spectrophotometer after binding Pam3Cys with avidin-HRP. The Acr1 

nanoparticles (AN), Morphine-Acr1 nanoparticles (MAN), and Acr1-P3Cys nanoparticles 

(APN) used as controls are denoted as blue, red and green bars, respectively. Each dot 

represented a single experiment. The results are from 5 independent experiments. The data 

were analysed through One-Way ANOVA. The data (OD492) are represented as mean ± SD. 

****p<0.0001. 
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4.9 The binding of morphine on the surface of MAPNV. This experiment was conducted to 

determine the effectiveness of coating morphine on the surface of MAPNV using anti- 

morphine Abs. The flow cytometric analysis revealed a considerable (p<0.0001) binding (67 ± 

6.5 %) of anti-morphine Abs on the surface of MAPNV than the control AN (1.6 ± 0.5 %) (Fig. 

9A). Furthermore, we corroborated our flow cytometry results further by ELISA (Fig. 9B). The 

presence of morphine (2.014 ± 0.97 nm) in MAPNV was largely (p<0.0001) detected by anti- 

morphine Abs on MAPNV, but not the controls AN (OD: 0.0614 ± 0.01 nm) and ANP (0.0668 

± 0.08 nm), which were without morphine (Fig. 9B). The results primary and secondary Abs 

used were taken as blank control to reduce cross reactivity. These results confirmed the 

effective coating of morphine on the surface of MAPNV. 
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Figure 9. The demonstration of the presence of morphine on the surface of MAPNV. (A) The 

presence of morphine expressed on the surface of the MAPNV was estimated by anti-morphine 

Abs using flow cytometry. The MAPNV (10 x 105) was incubated with anti-morphine Abs 

(ABM063) and secondary anti-mouse-Alexa fluor 488 and analysed by flow cytometer. The 

AN was taken as a control. (B) The presence of morphine on the surface of the MAPNV was 

estimated using anti-morphine Abs and secondary anti-mouse-HRP Abs through ELISA. The 

Acr1 nanoparticles (AN) and Acr1-P3C nanoparticles (APN) were used as controls Each dot 

represents a single experiment. The data are from 5 independent experiments. The results were 

analysed through One-Way ANOVA. The data (OD492) are represented as mean ± SD. 

****p<0.0001. 
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4.10 The hydrodynamic size of MAPNV was stable at 4 °C for 180 days. This investigation was 

done to check the stability of the size of the MAPNV. We have used the dynamic light 

scattering technique to measure the size of the MAPNV. This technique relies on optical 

scattering of laser light from the nanoparticles to accurately measure their dimensions. The 

hydrodynamic size of the MAPNV remained almost stable, with a slight decrease in size. 

When stored for 180 days at 4 °C a size reduction from 180.6 ± 4.35 nm to 156 ± 3.06 (p<0.5), 

at -20 oC from 180.6 ± 4.35 nm to 128.6 ± 4.5 nm (p<0.01), freeze drying from 180.6 ± 4.35 

nm to 115.3 ± 4.3 nm (p<0.001) and at room temperature (25 ± 2 °C) from 180.6 ± 4.35 nm to 

54.04 ± 4.35 nm (p<0.0.0001) (Fig. 10A). These results suggest that the hydrodynamic size of 

the nanoparticles was most stable at 4 °C, followed by -20 °C, freeze-dried, and RT (25 ± 2 

°C) (Fig. 10B). Further, we noted not much difference in the stability of MAPNV, when stored 

for 180 days at either day 0 or days 180 days, as revealed in the spectrum (Fig. 10C). 

Furthermore, the Dynamic Light Scattering (DLS) measurements showed the mean particle 

size of the MAPNV 95.56 ± 2.67 nm, which was significantly (p<0.0001) stable across pH 4- 

9 (Fig. 10D). The mean size of the MAPNV at pH 7 was 102.66 ± 0.5 nm; at pH 4 was 86.66 

± 5.77 nm, and at pH 9 was 92.73 ± 2.05 nm. The UV-Visible spectrophotometer analyses 

confirmed that the surface cross-linking of the MAPNV was more stable at pH 7 than either 

pH 4 or pH 9 (Fig. 10E), indicating the stability of MAPNV at physiological pH 7. 
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Figure 10A-B. Hydrodynamic size stability of MAPNV over time. The stability of the MAPNV 

was evaluated by measuring the hydrodynamic size of the nanoparticles through dynamic light 

scattering (DLS). (A) The line diagram represents the size of the MAPNV at different time 

intervals (0-180 days) and storage conditions, viz 4 °C (blue), -20 °C (red), freeze-dried (green), 

and RT (25 ±2 °C (purple). (B) The bar graph shows the comparative hydrodynamic size 

analysis of the MAPNV on day 0 and day 180 at different storage conditions. Each dot 

represented a single experiment. The data shown are from 5 independent experiments. The 

results were analysed by ordinary One-Way ANOVA. The data (nm) are shown as mean ± SD. 

* p<0.5; **p<0.01; ***p<0.001; ****p<0.0001. 
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Figure 10C. MAPNV shows stability up to 180 days. The stability of the MAPNV was tested 

for surface scan analysis by a spectrophotometer at 4 °C for 180 days. The line graph shows 

the spectral scan with a wavelength range of 321-594 nm. The blue line indicates the surface 

scan of the MAPNV on day 0, and the orange line for day 180 when stored at 4°C. The data 

are representative of three independent experiments. 



CHAPTER 4 

RESULTS 

70 

 

 

 

 

 
 

Figure 10D-E. Stability of MAPNV at different pH. The strength of the MAPNV was tested at 

various pH. (D) The bar graph shows the hydrodynamic size of the vaccine stored at diverse 

pH. (E) The line graphs illustrate the surface spectral scan analysis of the nanoparticles at pH 

4 (acidic) and pH 9 (basic). The pH 7 (neutral) condition was taken as a control. The data shown 

are from 3 independent experiments. Each dot represented a single experiment. The results 

were analysed using the ordinary One-Way ANOVA. The data are represented as mean ± SD. 

***p<0.001; ****p<0.0001. 
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4.11 The detection of morphine in the morphine-BSA conjugate by immunoblotting. 

The presence of morphine in a morphine-BSA conjugate was examined by immunoblotting. 

Immunoblotting was chosen because it is a highly sensitive and accurate detection method 

capable of detecting small amounts of antigens in a complex mixture. The results of this 

investigation could potentially be used to elucidate the potential benefits of this particular 

conjugate as a delivery system for morphine. The SDS-PAGE image stained with Coomassie 

blue showed the presence of m.wt. markers (lane 1), BSA (lane 2) and morphine-BSA (lane 3) 

(Fig. 11A). The immunoblot analysis of the morphine-BSA protein conjugate but not the 

control BSA protein showed a single band at ~68 kDa when probed with anti-morphine Abs 

(Fig. 11B). The detection of morphine in the conjugate provides evidence of morphine linked 

to BSA. 

 

 

 
 

Figure 11. The detection of morphine in morphine-BSA conjugate by immunoblotting. The 

conjugation of morphine with the carrier protein BSA was confirmed by Western blotting. The 

images show the (A) SDS-PAGE gel stained with a Coomassie blue stain for carrier protein in 

the conjugate. Lane 1: m.wt. markers, lane 2: BSA, lane 3: morphine-BSA. (B) Immunoblot of 

the conjugate showing the presence of morphine when probed with anti-morphine Abs. Lane 

1: m.wt. markers, lane 2: BSA stained with anti-morphine Abs, lane 3: morphine-BSA probed 

with anti-morphine Abs. The data are representative of 3 experiments. 
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4.12 MAPNV is not cytotoxic for the cells. This experiment was done to determine cytotoxicity 

of MAPNV on the cells. The nanoparticles were incubated with L929 cells for a predetermined 

period of time. The effect of the nanoparticles was evaluated by measuring cell viability. We 

observed negligible cytotoxicity of MAPNV on L929 cells at doses up to 20 µg/ml for 24 h 

(ns), 48 h (ns) and 72 h (p<0.5) (Fig. 12A, B). However, at a dose of 50 µg/ml for 24 h (p<0.01), 

48 h (p<0.01) and 72 h (p<0.001), significant cytotoxicity was noticed (Fig. 12C). The results 

suggested that MAPNV is not toxic for the cells at a dose of 20 µg/ml. 
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Figure 12. MAPNV is not cytotoxic for the cells. The MAPNV was evaluated for its toxicity 

on L929 cells. (A) The line diagram suggests the cells incubated with varying concentrations 

of MAPNV (0-50 µg/ml) for different time intervals. (B) Bar diagrams signify the comparative 

analysis of per cent of viable L929 cells after treatment with MAPNV (0-20 µg/ml) for 24h, 

48h and 72h. (C) Bar diagrams indicate the relative analysis of per cent of viable L929 cells 

after treatment with MAPNV (0-50 µg/ml) for 24h, 48h and 72h. The results are from 5 

independent experiments. The statistical analysis was performed by the ordinary One-Way 

ANOVA. The data (%) are expressed as mean ± SD. *p<0.5; **p<0.01; ***p<0.001; ns = non- 

significant. 
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4.13 MAPNV has self-adjuvant properties and stimulates B cells to release anti-morphine Abs 

that clears the morphine from the brain and blood. In this study, we investigated the potential 

of the vaccine MAPNV to effectively clear morphine from the brain and blood by stimulating 

B cells to produce anti-morphine antibodies. We evaluated the self-adjuvant properties of the 

vaccine by inducing the production of anti-morphine antibodies in the absence of an exogenous 

adjuvant. Mice vaccinated with MAPNV showed an expansion of B cells in a dose-dependent 

manner (p<0.0001), as compared to the unvaccinated control group (Fig. 13A-C). Further, an 

enhancement (p<0.0001) in the level of anti-morphine Abs was detected in the serum of the 

MAPNV-vaccinated animals. The response was observed in a dose-dependent manner (Fig. 

13D-E). The subtype of anti-morphine Abs was predominantly IgG (p<0001) and, to a lesser 

extent, IgM (p<001) (Fig. 13F). Furthermore, a substantial decline in the level of morphine in 

the serum (p<0.0001) and brain (p<0.0001) of the mice was noticed (Fig. 13G, H). It may be 

deduced from these results that MAPNV stimulated the secretion of anti-morphine Abs that 

could successfully clears morphine from the brain and blood. 

 

MAPNV displays on its surface Pam3Cys, a TLR-2 ligand, which has adjuvant properties. 

Consequently, we immunised mice with MAPNV supplemented with adjuvant alum to prove 

MAPNV self-adjuvanting properties. We could not detect any change in the production of anti- 

morphine Abs or proliferation of CD19+ B cells with MAPNV+alum against MAPNV (Fig. 

13F, 13I-K). Furthermore, we examined the pool of CD19+ morphine reactive B cells using 

morphine-FITC and PE-anti-CD19 Abs. We noticed an insignificant change in the percentage 

of CD91+ morphine reactive B cells obtained from groups administered with MAPNV versus 

MAPNV + alum (Fig.13L-N). 

 

The gating strategies of B cells are depicted in figures 13A, I, and L. Overall, these results 

document that MAPNV does not require any exogenous adjuvant and has sufficient intrinsic 

adjuvant properties to activate B cells to secrete anti-morphine Abs to clear the morphine from 

the body of the vaccinated mice. The ELISA results in primary and secondary Abs used were 

taken as blank control to reduce cross-reactivity 
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Figure 13A-C. MAPNV induces the proliferation of morphine-reactive B cells in the vaccinated 

mice. The mice were immunised with MAPNV (0-20 mg/kg bwt) on day 0 and day 7. Twelve 

days post initial vaccination; the animals were sacrificed, splenocytes were isolated, labelled 

with cell proliferation dyes, and in vitro challenged with MAPNV for 72 h. Flow cytometry 

graphs (A) denote the gating strategy for CD19+ B cells and (B) CFSE dye-dilution assay for 

CD19+ B cells (anti-CD19-PE Abs). The bar graphs (C) show the mean CD19+ B cell 

proliferation. The flow-cytometry histogram and bar diagrams are from 3 independent 

experiments. Each dot represents one animal. The Two-Tailed test was performed for the 

statistical analysis. The data (%) are expressed as mean ± SD. ****p<0.0001. 
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Figure 13D. The anti-morphine Abs exhibit dose responsiveness with serum dilutions. The 

mice were immunised with the MAPNV (20 mg/kg bwt) on days 0 and 7. Later, they were 

continuously administered morphine (10 mg/kg bwt) from days 12 to 45. On day 46, the mice 

were bled, serum was isolated and anti-morphine Abs were estimated by ELISA. Microtiter 

plates were coated with morphine-KLH (0.01 µM). Later, serum (0, 10, 100, 1000 dilutions), 

secondary anti-mouse-HRP Abs and OPD were added, and the colour developed was measured 

by ELISA reader at OD492. Regular steps of incubations and washings were followed at each 

stage. The data are from 3 independent experiments. Each dot represents one animal. The 

statistical analysis was performed by a One-Way ANOVA. Data (OD492) are denoted as mean 

± SD, ***p<0.001. 
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Figure 13E. MAPNV elicit anti-morphine Abs production in immunized animals. The mice 

were injected MAPNV (20 mg/kg bwt) on days 0 and 7. Later, they were continuously 

administered morphine (10 mg/kg bwt) from days 12 to 45. On day 46, the mice were bled, 

sera were isolated and anti-morphine Abs were estimated by ELISA. Different concentrations 

of morphine-KLH (0.001-1 µM) were coated in the microtiter plates. Later, 100 µl of serum 

(1:10 dilution), secondary anti-mouse-HRP Abs and OPD were added, and ELISA reader 

measured the colour developed at OD492. Regular steps of incubations and washings were 

followed at each phase. The data are from 3 independent experiments. Each dot represents one 

animal. The statistical analysis was performed by a One-Way ANOVA test. Data (OD492) are 

denoted as mean ± SD. ****p<0.0001. 
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Figure 13F. MAPNV induces primarily IgG-subtype of anti-morphine Abs. The mice were 

immunised with the MAPNV (20 mg/kg bwt) on days 0 and 7. Later, morphine (10 mg/kg bwt) 

was administered from days 12 to 45. On day 46, the mice were bled, serum was isolated, and 

the level of IgM anti-morphine Abs and IgG anti-morphine Abs were estimated by ELISA. The 

animals inoculated with placebo (PBS), MAN and MAPV + alum was taken as controls. The 

data are from 3 independent experiments. Each dot represents one animal. The data (OD450) 

analysed by One-Way ANOVA are represented as mean ± SD. ns=non-significant, 

****p<0.0001, ns= non-significant. 
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Figure 13G-H. MAPNV substantively clears morphine from the blood and brain of immunized 

animals. The mice were immunised with the MAPNV (20 mg/kg bwt) on days 0 and 7. Later, 

morphine (10 mg/kg bwt) was administered from days 12 to 45. On day 46, the mice were 

sacrificed. The level of morphine in the blood and brain was measured by a UV-visible 

spectrophotometer. The bar diagrams represent the morphine in the (G) serum; (H) brain. The 

control groups were inoculated with placebo (PBS) and morphine (Unvaccinated). The data are 

from 3 independent experiments. Each dot represents one animal. The data (µM) analysed by 

One-Way ANOVA are denoted as mean ± SD. ****p<0.0001. 
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Figure 13I-K. MAPNV exhibits optimum self-adjuvanting characteristics, and supplementing 

with alum does not improve its efficiency in proliferating B cells. The mice were immunised 

with the MAPNV (20 mg/kg bwt) and MAPNV (20 mg/kg bwt) + alum on days 0 and 7 Later, 

morphine (10 mg/kg bwt) was administered from days 12 to 45. On day 46, the mice were 

sacrificed. The splenocytes were isolated, labelled with CFSE and cultured with MAPNV (20 

µg/ml) for 72 h. The graph represents the gating strategies for (I) CD19+ B cells (anti-CD19- 

PE). The flow cytometry histograms and their descriptive bar diagrams signify the proliferation 

of (J) CD19+ B cells. The animals inoculated with placebo (PBS), MAN, and MAPNV + alum 

was taken as controls. The data are from 3 independent experiments. Each dot represents one 

animal. The statistical analysis was done using One-Way ANOVA. Data (%) are denoted as 

mean ± SD. ****p<0.0001, ns= non-significant. 
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Figure 13L-N. MAPNV expands the pool of morphine-reactive B cells in vaccinated animals. 

The mice were immunised with the MAPNV (20 mg/kg bwt) on days 0 and 7. Later, morphine 

(10 mg/kg bwt) was administered from days 12 to 45. On day 46, the mice were sacrificed. The 

splenocytes were isolated and challenged in vitro with MAPNV (10 µg/ml) for 72 h. Next, the 

cells were incubated with morphine-FITC for 4 h and anti-CD19 Abs (anti-CD19-PE) and 

analysed through flow cytometry for the presence of morphine-reactive B cells. (L) Gating of 

CD19+ B cells. (M-N) The contour plots and bar diagram depict the percentage of CD19+ 

morphine-reactive B cells. The animals inoculated with placebo (PBS), MAN and MAPNV + 

alum were taken as controls. The data are from 3 independent experiments. Each dot 

represents one mouse. The statistical analysis was performed using a One-Way ANOVA test. 

The data (%) are represented as mean ± SD. **p<0.01; ****p<0.0001, ns = non-significant. 
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4.14 Immunization with MAPNV does not require any exogenous adjuvant and induces 

optimum proliferation, differentiation and generation of CD4 T cells memory cells. This study 

sought to evaluate the ability of an adjuvant-free vaccine utilizing MAPNV to induce 

proliferation, differentiation, and generation of CD4 T cell memory cells. To address this, the 

study compared the immune responses to an adjuvant-free MAPNV vaccine in mice to those 

of mice receiving an adjuvanted vaccine and control mice. The animals were administered 

MAPNV as mentioned in Fig. 13. We observed the proliferation (p<0.0001) of the Acr1- 

specific CD4+ T cell in a dose-dependent fashion (Fig. 14A-C), as compared to the PBS 

(placebo) control group. Further, vaccination with MAPNV showed a substantially higher yield 

of (i) TNF-α (p<0.0001), (ii) IL-4 (p<0.0001), (iii) IL-6 (p<0.0001), and (iv) IFN-γ (p<0.0001) 

compared to the control placebo group (Fig. 14D), suggesting the presence of both Th1 cells 

and Th2 cells. Furthermore, MAPNV induced a significantly higher (p<0.0001) generation of 

CD44hiCD62hi memory CD4 T cells, as compared to placebo (PBS) (Fig. 14E-G). 

Like B cells, we could not notice any augmentation in the proliferation, differentiation or 

memory CD4 T cell generation of CD4 T cells in the group administered with MAPNV+ alum 

compared to MAPNV (Fig. 14H-J). These results support that MAPNV has enough adjuvant 

properties to evoke the activation of CD4 T cells. However, significant (p<0.001) change was 

perceived in the MAPNV versus control MAN (without Pam3Cys) groups. The gating 

strategies of CD4 T cells are depicted in the figures (Fig. 14A, E, H). The CD4 T cell results 

validate the B cells data that MAPNV has self-adjuvanting properties and does not need any 

extrinsic adjuvant. 
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Figure 14A-C. MAPNV induce the proliferation of Acr1-specific T cells in vaccinated mice. 

The mice were immunised with MAPNV (0-20 mg/kg bwt) on day 0 and day 7. Twelve days 

post initial vaccination; the animals were sacrificed, splenocytes were isolated, labelled with 

cell proliferation dyes, and in vitro challenged with MAPNV for 72 h. Flow cytometry graphs 

(A) denote the gating strategy for CD4+ T cells. The proliferation was assessed by (B) CFSE 

dye-dilution assay for CD4 T cells with anti-CD4-APC Abs). The bar graphs (C) show the 

mean CD4+ T cell proliferation. The flow-cytometry histogram and bar diagrams are from 3 

independent experiments. Each dot represents one mouse. The Two-Tailed test was performed 

for the statistical analysis. The data (%) are expressed as mean ± SD. ****p<0.0001. 
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Figure 14D. MAPNV induces the production of pro-inflammatory cytokines in immunized 

mice. The mice were immunised with the MAPNV (20 mg/kg bwt) on days 0 and 7. Later, 

RNA was isolated from the splenocytes, and RT-qPCR was performed to monitor the 

expression of (i) TNF-α; (ii) IL-4; (iii) IL-6; (iv) IFN-γ. The PBS (placebo) group was taken as 

a control. The results are from five independent experiments, and each dot represents one 

animal. The data (fold change) analysed by a One-Way ANOVA are denoted as mean ± SD. 

****p<0.0001. 
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Figure 14E-G. The MAPNV induces the generation of memory T cells in vaccinated animals. 

The mice were immunised with the MAPNV (20 mg/kg bwt) on days 0 and 7. Later, morphine 

(10 mg/kg bwt) was administered from days 12 to 45. On day 46, the mice were sacrificed. The 

splenocytes were isolated, labelled with efluor and in vitro challenged with MAPNV (20 

µg/ml) for 72 h. (E) The graph represents the gating strategies for CD4+ T cells. (F-G) The 

flow cytometry histograms and their expressive bar diagrams suggest the expression of central 

memory CD4+ T cell markers CD44hiCD62Lhi. The animals injected with placebo (PBS), MAN 

and MAPNV + alum was taken as controls. The results are from 3 independent experiments. 

Each dot indicates one mouse. The statistical analysis was performed using a One-Way 

ANOVA test. The data (%) are represented as mean ± SD. **p<0.01, ***p<0.001, ns=non- 

significant. 
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Figure 14H-J. MAPNV exhibits optimum self-adjuvanting characteristics, and supplementing 

with alum does not improve its efficiency in proliferating T cells. The mice were immunised 

with the MAPNV (20 mg/kg bwt) and MAPNV (20 mg/kg bwt) + alum on days 0 and 7. Later, 

morphine (10 mg/kg bwt) was administered from days 12 to 45. On day 46, the mice were 

sacrificed. The splenocytes were isolated, labelled with CFSE and cultured with MAPNV (20 

µg/ml) for 72 h. The graph represents the gating strategies for (H) CD4+ T cells. The flow 

cytometry histograms and their descriptive bar diagrams signify the proliferation of (I-J) CD4+ 

T cells by CFSE dye-dilution assay. The animals inoculated with placebo (PBS), MAN, and 

MAPNV + alum was taken as controls. The results are from 3 independent experiments. Each 

dot represents one animal. The statistical analysis was done using One-Way ANOVA. Data 

(%) are denoted as mean ± SD. ****p<0.0001, ns= non-significant. 
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4.15 MAPNV effectively activated macrophage function suppressed due to regular exposure to 

morphine. This study was done to investigate if MAPNV can potentially reduce the inhibition 

of macrophage function caused by regular exposure to morphine. We noticed that macrophages 

were successfully activated by MAPNV, as evidenced by increased (p<0.0001) uptake of 

MAPNV-FITC (Fig. 15A-C). This experiment proved that the macrophages avidly 

phagocytosed MAPNV and presented it to CD4 T cells (Fig. 13D, E). 

 

The macrophage function is suppressed in people regularly administering morphine 

(Eisenstein et al., 2019; Liang et al., 2016). Therefore, we were curious to check whether the 

MAPNV can activate macrophages whose functionality is suppressed by morphine. 

Accordingly, we exposed macrophages to morphine (10 µg/ml) for 48 h. After that, it was 

incubated with MAPNV labelled with FITC (20 µg/ml) for 4 h. The control cells were cultured 

with FITC tagged AN and MAN. We observed no change in the uptake of MAPNV by 

macrophages either exposed or not to morphine (Fig. 15D, E). In contrast, remarkably lesser 

endocytosis was observed in the case of controls AN (p<0.0001) and MAN (p<0.0001). 

Furthermore, much higher (p<0.0001) uptake of MAPNV was observed in the macrophages 

compared to control AN and MAN. These results infer that phagocytosis of MAPNV by 

macrophages is not impaired on exposure to morphine. Further, the uptake of MAPNV was 

substantially greater than AN or MAN due to the presence of Pam3Cys, which binds to TLR- 

2 and delivers a series of signalling events responsible for the activation of the cells. 
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Figure 15A-C. Phagocytosis of MAPNV by macrophages. Macrophages (RAW 264.7) were 

incubated with MAPNV-FITC (20 µg/ml) for 4h and analysed by flow cytometry for 

phagocytosis. Flow cytometry data represents the (A) Gating strategy; (B) Histogram signifies 

phagocytosis of MAPNV. (C) The bar diagram designates the ingestion of MAPNV-FITC by 

the macrophages. The data are from 3 independent experiments. Each dot represents one 

animal. The statistical analysis was performed by a Two-Tailed test. The data (%) are shown 

as mean ± SD. ****p<0.0001. 
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Figure 15D-E. Macrophages suppressed by morphine exposure were activated by MAPNV. 

Macrophages (RAW 264.7) were treated with morphine (0-10 µg/ml) for 48h. Later, these 

macrophages were incubated with MAPNV-FITC (20 µg/ml) for 4h. (D) The flow histograms 

(E) bar diagrams show the uptake of MAPNV-FITC by morphine-treated macrophages. The 

AN-FITC, MAN-FITC and placebo (PBS) groups were taken as controls. The data are from 

three independent experiments. Each dot represents one experiment. The data (%) analysed by 

Two-Tailed tests are expressed as mean ± SD. ****p<0.0001, ns= non-significant. 
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4.16 MAPNV induced the activation of B cells and T cells in the mice exposed to morphine. 

Drug addicts are constantly exposed to SOA, suppressing their immunity (Friedman et al., 

2003). Therefore, we wanted to examine the efficacy of MAPNV in animals exposed to 

morphine. The mice were inoculated with morphine (10 mg/kg bwt) for 7 days before MAPNV 

vaccination. We noticed a significant (p<0.001) proliferation of morphine-reactive B cells (Fig. 

16 A-C). Likewise, we noted substantial (p<0.001) proliferation of Acr1-specific CD4+ T cells 

(Fig. 16 D-F). We have also shown gating strategies for B cells (Fig. 16A) and CD4 T cells 

(Fig. 16D). It may be concluded that prior exposure of animals with morphine does not interfere 

in the performance of the MAPNV to activate B cells and CD4 T cells. 
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Figure 16. Prior exposure of mice to morphine does not influence the efficacy of MAPNV to 

activate B and T cells. The mice were exposed to morphine (10 mg/kg bwt) for 7 days. Later, 

they were inoculated with MAPNV (20 mg/kg bwt). The flow cytometry graphs (A) and (D) 

show the gating strategies. The histograms denote the proliferation of CFSE-labelled (B) 

CD19+ B cells and (E) CD4+ T cells. The bar diagrams represent the (C) mean B cells 

proliferation (F) mean T cell proliferation. The data are from 3 independent experiments. Each 

dot represents one animal. The results were analysed through a Two-Tailed test. The data (%) 

are expressed as mean ± SD. ***p<0.001. 
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4.17 DC endocytose MAPNV predominantly through the TLR-2 pathway. The MAPNV 

expresses on its surface Pam3Cys, a ligand of TLR-2. Therefore, we wanted to investigate 

whether MAPNV is endocytosed mainly by the TLR-2 pathway. DCs generated from the TLR- 

2-/- and wild-type mice were incubated with FITC labelled MAPNV and monitored for 

endocytosis. The DCs of the TLR-2-/- mice showed a significant (p<0.001) decrease in the 

endocytosis of MAPNV, as compared to wild-type DCs (Fig. 17 A-C). The gating strategy is 

shown in Fig. 16A. Further, we observed down-regulation in the expression of CD40 

(p<0.0001) and CD86 (p<0.05) on the TLR-2-/- DCs than the wild-type DCs (Fig. 17D, E). No 

change was noticed in the CD80 (Fig. 17F). These experiments signify that MAPNV is 

endocytosed primarily through the TLR-2 pathway. 
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Figure 17. Exposures of MAPNV to DCs of WT but not TLR-2-/- mice show upregulation of 

CD40 costimulatory molecule. The DCs generated from TLR-2-/- and wild-type C57BL/6 mice 

were incubated with MAPNV-FITC and monitored for phagocytosis by flow cytometry. (A) 

Dot plot show gating. (B, C) histogram and its bar diagram illustrated the mean phagocytosis 

of MAPNV-FITC. The flow histograms and their bar diagrams show the expression of (D) 

CD40; (E) CD80; (F) CD86. The data are from 3 independent experiments. Each dot represents 

one animal. The statistical analysis was performed through the Two-Tailed test. The data (%) 

are expressed as mean ± SD. **p<0.01, ***p<0.001, ****p<0.0001, ns=non-significant. 
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4.18 MAPNV vaccination downregulates the expression of OPRM and dopamine genes. In this 

study, we investigated how MAPNV vaccination affects the expression of OPRM and 

dopamine genes. Morphine causes the brain to release dopamine, the feel-good 

neurotransmitter. This ignites the reward system, encouraging repeated use of morphine by 

causing cravings. To do this, we used a mouse model and assessed gene expression using 

quantitative RT-PCR We observed that the MAPNV-vaccinated mice, on exposure to 

morphine, significantly (p<0.0001) downregulated the expression of OPRM and dopamine 

receptors gene, as compared to the unvaccinated groups (Fig. 18A-B). Therefore, suggesting 

the effectiveness of MAPNV in blocking the binding of morphine to OPRM and dopamine 

receptors. This will intensely reduce the influence of morphine. 

 

 
 

Figure 18. MAPNV inoculation downregulates the expression of addiction-associated OPRM 

and dopamine genes. The mice were immunised with the MAPNV (20 mg/kg bwt) on days 0 

and 7. Later, they were exposed to morphine (10 mg/kg bwt) from days 12 to 45. On day 46, 

the mice were sacrificed. The RNA was isolated from the brains, and RT-qPCR was performed 

to examine the expression of (A) OPRM (B) dopamine. The unvaccinated control groups were 

either administered PBS (placebo) or morphine. The results are from 5 independent 

experiments. Each dot represents one animal. The data were analysed by One-Way ANOVA. 

Data (fold change) are denoted as mean ± SD. ****p<0.0001. 
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4.19 MAPNV exhibited therapeutic efficacy and induced the proliferation of B cells and 

secretion of anti-morphine Abs that neutralised morphine in the blood and brain. After 

establishing the prophylactic potential of the vaccine, we next examined its therapeutic 

efficiency in animals intoxicated with different doses of morphine. This study was performed 

to investigate the therapeutic potential of MAPNV for treating addiction. Specifically, we 

examined whether MAPNV could induce B cell proliferation and the secretion of anti- 

morphine antibodies that neutralise morphine in the blood and brain. To evaluate the efficacy 

of MAPNV, a laboratory mouse model was used to quantify the therapeutic effects of MAPNV 

on morphine addiction. Later, the mice were injected with various doses of MAPNV. We 

observed noteworthy (p<0.0001) proliferation of B cells with 20 mg/kg bwt of MAPNV, even 

though the mice had prior exposure to 10 mg/kg bwt of morphine (Fig. 19A-C). Further, a 

significantly (p<0.0001) elevated level of anti-morphine Abs in the serum of MAPNV- 

vaccinated groups were identified compared to the controls inoculated with placebo (PBS) or 

morphine (Fig. 19D). The subtypes of anti-morphine Abs were mainly of IgG but not IgM. 

Furthermore, anti-morphine Abs efficiently cleared the morphine from the serum (p<0.0001) 

and brain (p<0.0001) (Fig. 19E, F) of the MAPNV (20 mg/kg bwt) immunised mice, compared 

to the unvaccinated group. The response was observed in a dose-dependent manner. These 

results demonstrated the therapeutic potential of MAPNV in generating anti-morphine Abs, 

which exhibited the capacity to clear the morphine from the blood and brain. 
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Figure 19A-D. MAPNV induces B cell proliferation and generates mainly IgG anti-morphine 

Abs upon exposure to morphine in immunised mice. The animals were injected with morphine 

(1, 5, 10 mg/kg bwt) from days 0 to 21. Different groups were vaccinated with MAPNV (5, 10, 

20 mg/kg bwt) on days 16 and 18. On day 22, the mice were sacrificed, and splenocytes were 

labelled with CFSE and cultured in vitro with MAPNV (10 µg/ml) for 72h. The cells were 

examined for the proliferation of B cells through flow cytometry. The dot plots represent the 

gating strategies of (A) CD19+ B cells. Placebo: PBS, Morphine: mice inoculated with 

morphine (10 mg/kg bwt) for 21 days; M1-APN20: mice inoculated with morphine (1 mg/kg 

bwt) for 21 days and injected APN (20 mg/kg bwt); M5-APN20: mice inoculated with 

morphine (5 mg/kg bwt) for 21 days and injected APN (20 mg/kg bwt); M10-APN20: mice 

inoculated with morphine (10 mg/kg bwt) for 21 days and injected APN (20 mg/kg bwt); M1- 

MAPNV5: mice inoculated with morphine (1 mg/kg bwt) for 21 days and injected MAPNV (5 

mg/kg bwt); M1-MAPNV10: mice inoculated with morphine (1 mg/kg bwt) for 21 days and 

injected MAPNV (10 mg/kg bwt); M1-MAPNV20: mice inoculated with morphine (1 mg/kg 

bwt) for 21 days and injected MAPNV (20 mg/kg bwt); M5-MAPNV5: mice inoculated with 

morphine (5 mg/kg bwt) for 21 days and injected MAPNV (5 mg/kg bwt); M5-MAPNV10: 

mice inoculated with morphine (5 mg/kg bwt) for 21 days and injected MAPNV (10 mg/kg 

bwt); M5-MAPNV20: mice inoculated with morphine (5 mg/kg bwt) for 21 days and injected 

MAPNV (20 mg/kg bwt); M10-MAPNV5: mice inoculated with morphine (10 mg/kg bwt) for 
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21 days and injected MAPNV (5 mg/kg bwt); M10-MAPNV10: mice inoculated with 

morphine (10 mg/kg bwt) for 21 days and injected MAPNV (10 mg/kg bwt); M10-MAPNV20: 

mice inoculated with morphine (10 mg/kg bwt) for 21 days and injected MAPNV (20 mg/kg 

bwt). The histogram and bar diagrams illustrate the proliferation of (B, C) CD19+ B cells. (D) 

The bar diagram represents the level of IgG anti-morphine Abs, and IgM anti-morphine Abs 

were estimated by ELISA. The placebo (PBS), morphine (10 mg/kg bwt) and APN (20 mg/kg 

bwt) treated groups were taken as controls. Each dot represents one animal. The data (OD450) 

analysed by One-Way ANOVA are expressed as mean ± SD. ****p<0.0001. 

 

 

Figure 19E-F. MAPNV clears morphine from the serum and brain. The animals were injected 

with morphine (1, 5, 10 mg/kg bwt) from days 0 to 21. Different groups were vaccinated on 

days 16 and 18 with MAPNV (5, 10, 20 mg/kg bwt). On day 22, the mice were sacrificed, and 

morphine in the (A) blood (B) brain was estimated using a UV-visible spectrophotometer. The 
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placebo (PBS), morphine (10 mg/kg bwt), and APN (20 mg/kg bwt) treated groups were used 

as controls. Placebo: PBS, Morphine: mice inoculated with morphine (10 mg/kg bwt) for 21 

days; M1-APN20: mice inoculated with morphine (1 mg/kg bwt) for 21 days and injected APN 

(20 mg/kg bwt); M5-APN20: mice inoculated with morphine (5 mg/kg bwt) for 21 days and 

injected APN (20 mg/kg bwt); M10-APN20: mice inoculated with morphine (10 mg/kg bwt) 

for 21 days and injected APN (20 mg/kg bwt); M1-MAPNV5: mice inoculated with morphine 

(1 mg/kg bwt) for 21 days and injected MAPNV (5 mg/kg bwt); M1-MAPNV10: mice 

inoculated with morphine (1 mg/kg bwt) for 21 days and injected MAPNV (10 mg/kg bwt); 

M1-MAPNV20: mice inoculated with morphine (1 mg/kg bwt) for 21 days and injected 

MAPNV (20 mg/kg bwt); M5-MAPNV5: mice inoculated with morphine (5 mg/kg bwt) for 

21 days and injected MAPNV (5 mg/kg bwt); M5-MAPNV10: mice inoculated with morphine 

(5 mg/kg bwt) for 21 days and injected MAPNV (10 mg/kg bwt); M5-MAPNV20: mice 

inoculated with morphine (5 mg/kg bwt) for 21 days and injected MAPNV (20 mg/kg bwt); 

M10-MAPNV5: mice inoculated with morphine (10 mg/kg bwt) for 21 days and injected 

MAPNV (5 mg/kg bwt); M10-MAPNV10: mice inoculated with morphine (10 mg/kg bwt) for 

21 days and injected MAPNV (10 mg/kg bwt); M10-MAPNV20: mice inoculated with 

morphine (10 mg/kg bwt) for 21 days and injected MAPNV (20 mg/kg bwt). Each dot 

represents one animal. The data (µM) analysed by One-Way ANOVA are expressed as mean 

± SD. ***p<0.001, ****p<0.0001. 
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4.20 MAPNV exhibited therapeutic efficacy and induced the proliferation, differentiation and 

generation of memory CD4 T cells. This study was conducted to examine the therapeutic 

efficacy of MAPNV nanoparticles in inducing the proliferation, differentiation, and generation 

of memory CD4 T cells. This research was conducted in order to better understand how in 

therapeutic mice model the MAPNV nano-vaccine works. The study utilized in vivo mouse 

models to assess the therapeutic efficacy of the nanoparticles. The animals were vaccinated, as 

mentioned in the case of B cell proliferation (Fig. 19). A significantly higher level (p<0.0001) 

of Acr1-specific CD4+ T cell proliferation was noted in the mice immunised with MAPNV 

(Fig. 20A-C). Further, we observed the augmented level of TNF-α (p<0.0001), IL-4 

(p<0.0001), IL-6 (p<0.0001), and IFN-γ (p<0.0001), compared to the control placebo (PBS) 

group (Fig. 20D). These results indicated the presence of both Th1 cells and Th2 cells. 

 

Furthermore, CD4+ T cells expressed significantly (p<0.0001) higher upregulation of 

CD44hi/CD62Lhi markers. Thus, specifying the generation of central memory CD4+ T cells 

(Fig. 20E-G). The results suggested that MAPNV can work as a therapeutic and prophylactic 

vaccine. Therefore, it can help in treating patients suffering from substance abuse disorder. 
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Figure 20A-C. Immunotherapy with MAPNV induces the proliferation of CD4 T cells in mice 

exposed to morphine. The animals were injected with morphine (1, 5, 10 mg/kg bwt) from days 

0 to 21. Different groups were vaccinated with MAPNV (5, 10, 20 mg/kg bwt) on days 16 and 

18. On day 22, the mice were sacrificed, and splenocytes were labelled with CFSE and cultured 

in vitro with MAPNV (10 µg/ml) for 72h. The cells were examined for the proliferation of 

CD4 T cells by CFSE dye-dilution assay through flow cytometry. The dot plots represent the 

gating strategies of (A) CD4+ T cells. Placebo: PBS, Morphine: mice inoculated with morphine 

(10 mg/kg bwt) for 21 days; M1-APN20: mice inoculated with morphine (1 mg/kg bwt) for 21 

days and injected APN (20 mg/kg bwt); M5-APN20: mice inoculated with morphine (5 mg/kg 

bwt) for 21 days and injected APN (20 mg/kg bwt); M10-APN20: mice inoculated with 

morphine (10 mg/kg bwt) for 21 days and injected APN (20 mg/kg bwt); M1-MAPNV5: mice 

inoculated with morphine (1 mg/kg bwt) for 21 days and injected MAPNV (5 mg/kg bwt); M1- 

MAPNV10: mice inoculated with morphine (1 mg/kg bwt) for 21 days and injected MAPNV 

(10 mg/kg bwt); M1-MAPNV20: mice inoculated with morphine (1 mg/kg bwt) for 21 days 

and injected MAPNV (20 mg/kg bwt); M5-MAPNV5: mice inoculated with morphine (5 

mg/kg bwt) for 21 days and injected MAPNV (5 mg/kg bwt); M5-MAPNV10: mice inoculated 

with morphine (5 mg/kg bwt) for 21 days and injected MAPNV (10 mg/kg bwt); M5- 

MAPNV20: mice inoculated with morphine (5 mg/kg bwt) for 21 days and injected MAPNV 

(20 mg/kg bwt); M10-MAPNV5: mice inoculated with morphine (10 mg/kg bwt) for 21 days 

and injected MAPNV (5 mg/kg bwt); M10-MAPNV10: mice inoculated with morphine (10 

mg/kg bwt) for 21 days and injected MAPNV (10 mg/kg bwt); M10-MAPNV20: mice 

inoculated with morphine (10 mg/kg bwt) for 21 days and injected MAPNV (20 mg/kg bwt). 

The histogram and bar diagrams illustrate the proliferation of (B, C) CD4+ T cells. The placebo 

(PBS), morphine (10 mg/kg bwt), and APN (20 mg/kg bwt) treated groups were taken as 

control. Each dot represents one animal. The data (%) analysed by One-Way ANOVA are 

represented as mean ± SD. ****p<0.0001. 
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Figure 20D. MAPNV induces the production of pro-inflammatory cytokines. The animals were 

injected with morphine (10 mg/kg bwt) from days 0 to 21. On days 16 and 18, mice were 

vaccinated with MAPNV (20 mg/kg bwt). On day 22, the mice were sacrificed. The RNA was 

isolated from splenocytes, and RT-qPCR was performed to quantify cytokines. The placebo 

(PBS) group was taken as a control. Each dot represents one animal. The data (fold change) 

analysed by One-Way ANOVA are represented as mean ± SD. ***p<0.001, ****p<0.0001. 

Placebo: PBS; M10-MAPNV20: mice inoculated with morphine (10 mg/kg bwt) for 21 days 

and injected MAPNV (20 mg/kg bwt). 
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Figure 20E-G. MAPNV induces the generation of memory CD4 T cells in mice exposed to 

morphine. The animals were injected with morphine (1, 5, 10 mg/kg bwt) from days 0 to 21. 

Different groups were vaccinated on days 16 and 18 with MAPNV (5, 10, 20 mg/kg bwt). On 

day 22, the mice were sacrificed, and splenocytes were cultured with MAPNV (10 µg/ml) for 

72h. The cells were examined for the expression of central memory CD4 T cell markers 

CD44hiCD62Lhi. The dot plots represent the gating strategies of (E) CD4+ T cells. (F, G) The 

histogram and bar diagrams illustrate the expression of CD44hi and CD62Lhi on CD4+ T cells. 

The placebo (PBS), morphine (10 mg/kg bwt), and APN (20 mg/kg bwt) treated groups were 

used as controls. Placebo: PBS, Morphine: mice inoculated with morphine (10 mg/kg bwt) for 

21 days; M1-APN20: mice inoculated with morphine (1 mg/kg bwt) for 21 days and injected 

APN (20 mg/kg bwt); M5-APN20: mice inoculated with morphine (5 mg/kg bwt) for 21 days 

and injected APN (20 mg/kg bwt); M10-APN20: mice inoculated with morphine (10 mg/kg 

bwt) for 21 days and injected APN (20 mg/kg bwt); M1-MAPNV5: mice inoculated with 

morphine (1 mg/kg bwt) for 21 days and injected MAPNV (5 mg/kg bwt); M1-MAPNV10: 

mice inoculated with morphine (1 mg/kg bwt) for 21 days and injected MAPNV (10 mg/kg 

bwt); M1-MAPNV20: mice inoculated with morphine (1 mg/kg bwt) for 21 days and injected 

MAPNV (20 mg/kg bwt); M5-MAPNV5: mice inoculated with morphine (5 mg/kg bwt) for 

21 days and injected MAPNV (5 mg/kg bwt); M5-MAPNV10: mice inoculated with morphine 

(5 mg/kg bwt) for 21 days and injected MAPNV (10 mg/kg bwt); M5-MAPNV20: mice 

inoculated with morphine (5 mg/kg bwt) for 21 days and injected MAPNV (20 mg/kg bwt); 

M10-MAPNV5: mice inoculated with morphine (10 mg/kg bwt) for 21 days and injected 

MAPNV (5 mg/kg bwt); M10-MAPNV10: mice inoculated with morphine (10 mg/kg bwt) for 

21 days and injected MAPNV (10 mg/kg bwt); M10-MAPNV20: mice inoculated with 

morphine (10 mg/kg bwt) for 21 days and injected MAPNV (20 mg/kg bwt). Each dot 

represents one animal. The data (%) analysed by One-Way ANOVA are expressed as mean ± 

SD. ****p<0.0001. 
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4.21 Immunotherapy with MAPNV downregulates the expression of addiction-associated 

OPRM and dopamine genes. The effect of immunotherapy with MAPNV on the expression of 

addiction-associated genes related to OPRM and dopamine was examined to examine the 

therapeutic efficacy of the vaccine better. To achieve this, gene expression levels in placebo 

and MAPNV vaccinated were measured using quantitative real-time PCR. The animals 

exposed to morphine were later treated with MAPNV. As observed in the case of prophylactic 

vaccination, similar results were noticed in the downregulation of the expression of both 

OPRM and dopamine genes on changing the MAPNV immunisation strategy to a therapeutic 

approach (Fig. 21A, B). These results demonstrated that MAPNV effectively reduced 

(p<0.0001) the expression of addiction-associated genes and, therefore, can be used as a 

therapeutic agent to treat people inflicted with addiction. 
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Figure 21. Immunotherapy with MAPNV downregulates the expression of addiction-associated 

genes OPRM and dopamine. The animals were injected with morphine (10 mg/kg bwt) from 

days 0 to 21. On days 16 and 18, mice were vaccinated with MAPNV (20 mg/kg bwt). On day 

22, the mice were sacrificed. The RNA was isolated from splenocytes, and RT-qPCR was 

performed to quantify (A) OPRM and (B) dopamine genes. The placebo group was taken as a 

control. Placebo: PBS, Morphine: mice inoculated with morphine (10 mg/kg bwt) for 21 days; 

M10-MAPNV20: mice inoculated with morphine (10 mg/kg bwt) for 21 days and injected 

MAPNV (20 mg/kg bwt). Each dot represents one animal. The data were analysed by One- 

Way ANOVA. The data (fold change) are expressed as mean ± SD. ***p<0.001, 

****p<0.0001. 
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4.22 MAPNV-vaccinated mice on exposure to morphine do not show a change in their 

behaviour. The study was done to investigate whether exposure to morphine would change the 

behaviour of mice vaccinated with MAPNV to determine whether the vaccine could protect 

them from the effects of morphine. To answer this question, an experiment was conducted in 

which vaccinated and non-vaccinated mice were exposed to morphine and their behaviour was 

observed and compared. The animals inoculated with MAPNV did not change their body 

weight, food and water intake, or dark-seeking behaviour (Fig. 22A-C, F). Further, the 

MAPNV-vaccinated animals showed an active state towards movements (p<0.05) and 

sensitivity to heat (p<0.0001) (Fig. 22D, E). Significantly, the behaviour of the vaccinated 

animals was not changed with the exposure to morphine (Fig. 22A-C, F). This suggests the 

efficacy of MAPNV in neutralising the influence of morphine on the behaviour of the animals. 

The placebo group did not show a difference in their behaviours. 
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Figure 22. No change in the behaviour of the MAPNV-inoculated animals was observed on 

exposure to morphine. The mice were injected MAPNV (20 mg/kg bwt) on days 0 and 7. The 

control groups were injected with PBS (placebo). Later, they were exposed to morphine (10 

mg/kg bwt) from day 12 to 44. morphine (10 mg/kg bwt). An uninjected group was also kept 

as a control. The behavioural changes in the animals were recorded on every alternate day for 

(A) body weight, (B) food intake, (C) water intake, (D) movements, (E) heat sensitivity, (F) 

dark seeking. The line diagram denotes the days-wise behavioural differences, and the bar 

graphs represent the comparison in the behaviour before (day 14) and after morphine exposure 

(day 44). The movement was represented as 0: no, 1: minimal, and 2: active. The heat 

sensitivity was represented as 0: no, 1: minimal, and 2: maximum. The dark seeking was 

represented as 0: no, 1: minimal, and 2: active. Each dot represents one animal. The data are 

from three independent experiments. The data were analysed by Two-Way ANOVA. The data 

are expressed as mean ± SEM. *p<0.5, ***p<0.01, ****p<0.0001, ns=non-significant. 
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4.23 The presence of anti-morphine Abs in the serum of patients with Opioid Use Disorder 

(OUD). This study aimed to investigate the presence of anti-morphine Abs in the serum of 

patients with Opioid Use Disorder to understand the underlying generation of anti-morphine 

Abs. We utilised the ELISA method to measure the concentrations of anti-morphine Abs. The 

patients with OUD took morphine for a prolonged period with a median dependency of 5.5 

years. The serum of all the 22 patients with OUD showed the presence of anti-morphine Abs, 

compared to healthy controls with no history of morphine consumption (Fig. 23A-F). To ensure 

the specificity and rule out any possibility of cross-reactivity of the anti-morphine Abs with the 

carrier protein BSA in the morphine-BSA conjugate, we tested the serum using morphine-KLH 

and morphine-ovalbumin (OVA) conjugates. No anti-morphine Abs were detected against the 

carrier proteins BSA, KLH and OVA alone (Fig. 23A, C, E). Furthermore, no anti-morphine 

Abs were noticed in the serum of the healthy controls (Fig. 23B, D, F). Additionally, we coated 

different concentrations of morphine-BSA (0.001-1.0 µM) and accordingly observed dose- 

dependent responsiveness in the level of anti-morphine Abs (Fig. 23G). Different levels of anti- 

morphine Abs were found in the serum of OUD, which was significantly (p<0.0001) higher in 

the patients with OUD than in healthy controls (Fig. 23H). Consequently, establishing the 

specificity of the presence of anti-morphine Abs in the serum of the patients with OUD. We 

observed a predominance of IgG anti-morphine Abs over the IgM and IgA subtypes (Fig. 23I), 

signifying the long-term persistence of the Abs. IgG stays in the blood longer and has higher 

neutralising power. 
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Figure 23. Demonstration of anti-morphine Abs in the serum of Opioid Use Disorder (OUD) 

patients. The investigation examined the presence of anti-morphine Abs in the serum of OUD 

patients. The purpose of this investigation was to understand the potential role that these Abs 

play in OUD. An enzyme-linked immunosorbent assay (ELISA) was performed on serum 

samples collected from OUD patients to determine the presence of anti-morphine Abs. The 

anti-morphine Abs were estimated in the serum of (A, C, E) OUD patients and (B, D, F) normal 

healthy controls. The specificity of the anti-morphine Abs was established using morphine 

conjugated to different carrier proteins (A, B) morphine-BSA; (C, D) morphine-KLH; (E, F) 

morphine-OVA. (G) The ELISA plates were coated with various concentrations of morphine- 

KLH (0.001-1 µM) to monitor the dose-dependent response of anti-morphine Abs. (H) The 

overall specificity of anti-morphine Abs was monitored with different carrier protein-morphine 

conjugates. (I) The presence of IgG, IgA and IgM subclass of anti-morphine Abs was assessed 

by ELISA. The unconjugated carrier proteins BSA, KLH, and OVA were used as controls. The 

Abs was quantified using different serum dilutions (1: 0, 10, 100). The data shown as mean ± 

SEM (OD492) are of OUD patients (22 Nos) and healthy controls (22 Nos). Each dot represents 

a single individual. The data (OD492) analysed by One-Way ANOVA are represented as mean 

± SD. *p<0.5, **p<0.01, ***p<0.001, ****p<0.0001. ns: non-significant. 
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4.24 Free and immune-complexed morphine was present in the serum of the patients with 

OUD. This study investigated the presence and levels of free and immune-complexed morphine 

in the serum of patients with Opioid Use Disorder (OUD). This investigation aimed to gain 

insight into the potential therapeutic benefits of immune-complexed morphine in these patients. 

To conduct this investigation, serum samples were collected from the patients with OUD and 

analysed for free and immune-complexed morphine using ELISA assays. The patients with 

OUD took morphine at 30-300 µg/day. We noticed a significantly (p<0.0001) higher level of 

free morphine in the serum of the patients with OUD. Further, morphine was found in the form 

of immune complexes. However, it was at a much lower concentration than the free morphine. 

No morphine was detected in the serum of healthy controls (Fig. 24A-B). The presence of 

morphine in the immune complexes is another proof of anti-morphine Abs presence. 

 



CHAPTER 4 

RESULTS 

117 

 

 

 

Figure 24. The presence of morphine in the serum of the OUD patients. (A) The morphine was 

estimated in the serum of the OUD patients and normal healthy controls by UV-visible 

spectrophotometry. Each dot represents a single individual. (B) The morphine in the immune 

complexes (ICs) of morphine-anti-morphine Abs was released and measured. Each dot denotes 

one individual. The data (mean ± SD) shown are of OUD patients (22 Nos) and healthy controls 

(22 Nos). Statistical analysis was performed through the Two-Tailed test. ****p<0.0001. 

 

 
4.25 Anti-morphine Abs binds morphine. Here, we determined the ability of anti-morphine 

antibodies to bind morphine. This was studied to gain insight into the development of 

therapeutics that could potentially counteract the physiological effects of morphine. We 

observed that the equal quantity of anti-morphine Abs of different patients with OUD showed 

diverse binding affinities for morphine, as evidenced by the presence of the free versus 

complexed morphine. However, the majority of the samples showed high to moderate binding 

to the exogenously added morphine, whereas some to a lesser extent (OUD patients ID No. 4, 

14, 19, 20, 22), when compared to the positive control having standard anti-morphine Abs (Fig. 

25A, B). Further, no correlation was noticed between the binding efficiency of the anti- 

morphine Abs and their titre (Fig. 25C). This indicates that the neutralising ability of the Abs 

plays a fundamental role in clearing the morphine and not the magnitude of the titre. 
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Figure 25. The binding efficiency of anti-morphine Abs to morphine. The IgG (10 µg) isolated 

from the serum of the OUD patients was incubated with (A) morphine (1 mM). The binding of 

anti-morphine Abs (10 µg) to morphine was calculated using a standard plot of different 

concentrations of morphine (0.05, 0.1, 0.25, 0.5, 1, 2.5, 5 M). (B) The bar diagram reveals the 

binding efficiency (%) of the serum anti-morphine Abs to morphine. The red line denotes the 

cumulative analysis of morphine binding to the serum of OUD patients. (C) The bar diagrams 

depict the titre of anti-morphine Abs, and the orange line shows the trend of binding of serum 

anti-morphine Abs to morphine. The data shown are of 22 OUD patients. 
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4.26 Morphine supports the expression of FoxP-3. This study investigated the differences in 

FoxP-3, iNOS and IL-6 expression levels between patients with Opioid Use Disorder (OUD) 

and healthy individuals. It was conducted to understand better the immunological effects of 

chronic opioid exposure on the body. The expression levels were assessed with a series of 

qPCR assays. The patients with OUD exhibited significantly (p<0.001) higher expression of 

FoxP-3, as compared to healthy controls (Fig. 26A). In contrast, a lower level of iNOS and IL- 

6 was observed (Fig. 26B, C). The FoxP-3 is a transcription factor of Tregs. Tregs are 

responsible for the immunosuppression of both iNOS and IL-6 pro-inflammatory responses. 

The results suggest that people are inflicted with immunosuppression on regular intake of 

morphine. 

 

 

 

 

 

 

 

 

 
 

Figure 26. The presence of FoxP-3, iNOS and IL-6 in the OUD patients versus healthy 

controls. The RNA was isolated from the blood of the OUD patients and healthy controls. The 

anti-inflammatory (A) FoxP3 and pro-inflammatory (B) iNOS; (C) IL-6 molecules were 

estimated by RT-qPCR. Each dot represents the data (mean ± SD) of OUD patients (22 Nos) 

and normal healthy controls (22 Nos). The data were analysed through a Two-Tailed paired T- 

Test and expressed as dCt values. *p<0.5, **p<0.01, ****p<0.0001. 
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4.27 The patients with OUD showed a weaker generation of Abs against the Acr1 protein of 

Mtb. In this study, we investigated the susceptibility of opioid use disorder (OUD) patients to 

infections, particularly tuberculosis (TB). We hypothesised that OUD patients in TB-endemic 

regions might have a weakened immune system, so we measured the levels of FoxP3 and anti- 

Acr1 antibodies in serum samples from OUD patients and healthy controls. We observed that 

the patients with OUD showed a higher level of FoxP3, which makes them susceptible to 

opportunistic infections, particularly Mtb in TB-endemic regions. The serum samples from the 

patients with OUD were analysed for antibodies against the latency-associated protein Acr1, 

which is secreted by Mtb during the latent phase of TB. The patients with OUD exhibited 

significantly (p<0.0001) reduced levels of anti-Acr1 Abs, as compared to the healthy controls 

(Fig. 27A-C). We found significantly reduced levels of anti-Acr1 antibodies in OUD patients, 

suggesting that they had impaired immunity The results suggest that OUD patients have 

suppressed immunity. 
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Figure 27. OUD patients exhibit lower levels of Abs against the Acr1 antigen of Mtb. The 

presence of anti-Acr1 Abs was estimated in the serum (dilutions 1, 10, 100, 1000) of the (A) 

normal healthy controls (22 Nos) and (B) OUD patients (22 Nos) by ELISA. (C) A comparative 

analysis of the level of anti-Acr1 Abs in the serum of normal healthy controls and patients was 

performed. Each dot represents a single individual. The data were analysed through a Two- 

Tailed paired T-Test. The data (OD492) are represented as mean ± SD. *p<0.5, **p<0.01, 

***p<0.001, ****p<0.0001, ns: non-significant. 
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Drug addiction is a growing problem that affects individuals of all ages and is spreading 

globally (National Institute on Drug Abuse, 2020; UNODC, 2020). It is a recurring chronic 

condition that harms individuals and can potentially destroy families and communities. Those 

struggling with addiction often experience numerous negative consequences, including 

declining physical health, social isolation, financial difficulties, and legal troubles. 

Additionally, addiction can lead to fatal overdoses (National Institute on Drug Abuse, 2018). 

While there are various treatment options available for drug addiction, such as counselling, 

medication-assisted therapy, and support groups, a definitive cure has yet to be found 

(National Institute on Drug Abuse, 2020; American Academy of Addiction Psychiatry, 2020; 

National Institute of Health, 2020; National Institute on Alcohol Abuse and Alcoholism, 

2020). Opioid substitution therapy (OST), which involves using the agonist buprenorphine, 

is used to treat patients. However, it still requires exposure to opioids and maintains a 

dependence on these substances (Rehm, 2010). Despite the lack of effective treatments, there 

is still a demand for opioids due to their ability to induce feelings of euphoria and pleasure. 

As a result, the scientific community faces an urgent need and a significant challenge to 

develop innovative therapeutic strategies and radically change the current approach. 

The incidence of tuberculosis (TB) among drug addicts is typically higher compared to the 

general population. Drug addiction can weaken the immune system, making individuals more 

vulnerable to TB infection or the reactivation of latent TB. Furthermore, sharing needles and 

drug paraphernalia can directly contribute to the transmission of TB (Guichard et al., 2015; 

Parantainen et al., 2011; Fernandes et al., 2017). It is of utmost importance to prevent and 

control TB among drug addicts. Vaccines have successfully eradicated numerous debilitating 

diseases such as smallpox, polio, measles, diphtheria, pertussis, and tetanus (Orenstein et al., 

2003). Therefore, there exists significant potential for vaccines to address drug dependence. 

Developing a vaccine against drug addiction assumes paramount importance due to its status 

as a significant global public health concern. Such a vaccine would stimulate an immune 

response to a specific drug by generating antibodies that bind to it and impede its passage 

into the brain. By obstructing the drug's effects, the vaccine could diminish cravings and 

reduce the risk of relapse. This would prove particularly advantageous for individuals 

endeavouring to overcome addiction to opioids, morphine, cocaine, or other challenging-to- 

treat substances. Consequently, vaccines against addiction offer a promising avenue towards 
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eradicating the affliction of drug addiction while simultaneously promoting an individual's 

path to sobriety. 

Another advantage of our vaccine MAPNV over the others is that it is based on 

nanotechnology. Nanoparticles play a pivotal role in vaccine development, offering numerous 

benefits such as targeted delivery, controlled release, adjuvant properties, stability and 

protection, and versatility in the formulation. These qualities promise to enhance vaccine 

effectiveness, improve patient compliance, and expand vaccine accessibility, ultimately 

contributing to global healthcare efforts (Harris et al., 2017; Asmal et al., 2020). Nanoparticles 

have emerged as crucial components in vaccine development, demonstrating the immense 

potential to improve their efficacy through various mechanisms. The targeted delivery of 

antigens using nanoparticles ensures precise and efficient antigen presentation to specific cells 

or tissues, enhancing the immune response (Chymkowitch et al., 2018; Meenakshi et al., 2014; 

Jiang et al., 2019). Moreover, nanoparticles can mimic pathogen features, triggering immune 

recognition and generating a robust immune reaction. This property aids in eliciting a strong 

and durable immune response (Zeng et al., 2017; De Gregorio et al., 2015; Li et al., 2013) 

Nanoparticles also contribute to the stability and protection of vaccine antigens, safeguarding 

them against degradation during storage and transportation (Willem et al., 2017; Steve et al., 

2009; Wei et al., 2017; Paul et al., 2009). By improving antigen stability, nanoparticles ensure 

that vaccines remain effective and potent for extended periods. Nanoparticles can be 

engineered to facilitate the controlled release of antigens, resulting in sustained antigen 

presentation and prolonged immune stimulation. This controlled release mechanism can 

enhance immune responses and reduce vaccine doses (Hogervorst et al., 2013; Diebolder et 

al., 2016; Bhandari et al., 2016). The versatility of nanoparticles in vaccine formulation allows 

for incorporating multiple antigens or combination vaccines within a single nanoparticle 

system. This approach simplifies vaccine administration and enhances patient compliance 

(Sung et al., 2008; Wang et al., 2018; Sharquie et al., 2019). Notably, the development of 

MAPNV has demonstrated favourable characteristics, including enhanced stability and 

sustained release of antigens, making it a suitable vaccine candidate (Patnaik et al., 2015; 

Albukhari et al., 2019). 

Nanoparticle-based vaccines offer non-invasive delivery through inhalation or oral 

administration routes, eliminating the need for injections. This feature enhances vaccine 
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accessibility, particularly in resource-limited settings, and improves patient acceptance 

(Damond et al., 2019; Pinto et al., 2018; Rajkumar et al., 2012). Additionally, nanoparticles 

can be designed to target specific cells like DCs, B cells or tissues, further enhancing the 

immune response and overall vaccine effectiveness. The presence of Pam3Cys and morphine 

on the surface of MAPNV aids in the targeted delivery of both the antigen and adjuvant to 

morphine-specific B cells. Thus, stimulating them to process and present Acr1 to T cells to 

help B cells further differentiate between secreting high-affinity anti-morphine Abs. Pam3Cys 

will also help target MAPNV to DCs, the only immune system cells that activate naïve T cells. 

Based on the information above, we have developed a novel chimeric vaccine MAPNV 

consisting of Acr1 nanoparticles expressing morphine and Pam3Cys on their surface. Mice 

vaccinated with MAPNV yielded several significant findings: 1] proliferation and 

differentiation of morphine-specific B cells; 2] induction of high levels of anti-morphine 

antibodies, which effectively cleared morphine from the blood and brain of the animals; 3] 

proliferation and differentiation of Acr1-reactive CD4 T cells; 4] expansion of both Th1 cell 

and Th2 cell populations; 5] generation and persistence of memory CD4 T cells and memory 

B cells; 6] macrophages exhibited an enhanced endocytic property, primarily through the 

TLR-2 pathway; 7] MAPNV demonstrated self-adjuvant properties, and the addition of an 

adjuvant did not improve its ability to activate B cells and CD4 T cells; 8] prior-exposure to 

morphine did not interfere with the efficacy of MAPNV; 9] the expression of addiction- 

associated OPRM and dopamine genes were downregulated; 10] MAPNV showed efficacy 

not only as a prophylactic vaccine but also as a therapeutic option. 

We synthesised nanoparticles using the Acr1 protein from Mycobacterium tuberculosis (Mtb). 

Acr1 is a 16 kDa antigen of Mtb and is also known as Ag85B or antigen 85B. It is a potential 

target for therapeutic intervention against Mtb, the etiological agent of tuberculosis (TB). It is 

a well-studied protein and one of the promising vaccine candidates for TB. Acr1 is a significant 

component of the cell wall of Mtb and plays a critical role in the pathogenesis of TB. Several 

studies have investigated the immunogenicity and protective efficacy of Acr1 as a vaccine 

antigen against TB. Preclinical studies in animal models and early-stage clinical trials have 

shown promising results, indicating that Acr1 can induce potent immune responses and provide 

protective immunity against Mtb infection (Aagaard et al., 2011). Further, Acr1 has been used 

as a component of viral vector-based vaccines, such as adenoviruses and modified vaccinia 
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Ankara (MVA). These vaccines deliver the Acr1 antigen to the immune system, triggering a 

robust immune response. Several preclinical studies have demonstrated the immunogenicity 

and protective efficacy of Acr1 (Kaufmann et al., 2014; Smaill et al., 2013). Furthermore, the 

Acr1 antigen is endowed with immunodominant CD4 T cell and CD8 T cell epitopes that elicit 

an enduring immune response and protection against Mtb (Cooper et al., 2016; Sullivan et al., 

2020). Many studies have demonstrated that Acr1 is essential for producing antimicrobial 

lipids, such as Lys-phosphatidylcholine, for killing Mtb (Amir et al., 2017; Mubin et al., 2018). 

In addition, Acr1 is involved in the production of anti-inflammatory lipids, such as 

lysophosphatidic acid, which are essential for maintaining the cell’s homeostasis in response 

to Mtb (Bayne et al., 1990; Mustafa et al., 2010). Moreover, Acr1-specific antibodies were 

induced after immunisation with the Acr1 protein, indicating that it is a potent immunogen 

against Mtb (Fritsche et al., 2014). 

Although several vaccines against substance abuse (SoA) have been developed, none have 

been successful due to limited efficacy, variable immune responses, and lack of specificity 

(Mattingly et al., 2018; Kornfield et al., 2012; Piderman et al., 2017; Finch et al., 2015). 

These vaccines did not universally benefit all individuals struggling with drug addiction, as 

the effectiveness varied from person to person, leading to inconsistent outcomes in reducing 

drug use and preventing relapse. The varied immune responses to the vaccines resulted in 

different levels of antibody production. While some individuals produced sufficient 

antibodies to neutralise the drug's effects, others showed a weaker response, diminishing the 

vaccine's effectiveness (Cahill et al., 2020; Dalrymple et al., 2016; Waight et al., 2013). 

Furthermore, these vaccines did not exclusively target the desired drug of addiction and failed 

to generate antibodies that efficiently bound to and neutralised the influence of SoA 

(McIndoe et al., 2016; Randel et al., 2017; Wightman et al., 2017). Some of these vaccines 

provided only temporary or short-term protection against the drug's effects, requiring 

multiple boosters to maintain efficacy over time. This can pose challenges regarding patient 

compliance and healthcare delivery, as regular follow-up and administration are necessary 

(Weiner et al., 2001; Hurgaonkar et al., 2011). The limitations associated with developing 

these vaccines mainly stemmed from the conventional synthesis process and the concept of 

hapten carrier conjugation. Further, these vaccines lacked inherent adjuvants and had to be 

supplemented with exogenous adjuvants, resulting in insufficient activation of B and T cells, 
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which are crucial for producing high-affinity antibodies. Additionally, the vaccines lacked a 

targeted delivery system. 

With careful consideration of the limitations associated with previous vaccines, we have 

developed a vaccine against morphine that addresses these weaknesses. Our approach 

involves conjugating Pam3Cys and morphine onto the surface of Acr1 nanoparticles. 

Pam3Cys serves as a ligand for TLR-2 and possesses adjuvant properties. It is abundantly 

expressed on the surface of dendritic cells (DCs), allowing the vaccine to specifically target 

antigen-presenting cells (APCs) such as DCs, B cells, and macrophages. The MAPNV 

vaccine activates and differentiates morphine-reactive B cells by interacting with the 

displayed morphine and Pam3Cys on the surface. Consequently, providing morphine- 

specific B cells with the necessary signals is required for their optimum proliferation and 

differentiation. Additionally, this B cell will present Acr1 to T cells. Thus inducing their 

activation and differentiation and helping morphine-specific B cells. Hence, the advantage of 

our vaccine over others lies in its ability to simultaneously provide adjuvanticity through 

TLR-2 to the morphine-specific B cells that recognise morphine. 

 

 
Figure 1. Strategy for targeted delivery of antigens to DCs by NPs loaded with antigens and 

surface decorated with ligands resulting in elicitation of immune responses. DC targeting 

moieties on the surface of NPs can help recognise their cognate receptors on DCs, leading to 

DC activation. Activated DCs uptake these antigens-loaded NPs, leading to antigen processing 
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and presentation inside the DCs. Peptides loaded on MHCs are then presented to naïve T cells 

to elicit immune responses (Figure adapted) (Silva et al., 2013). 

In contrast, mixing an adjuvant with the vaccine conjugate would predominantly be 

recognised by B cells without coming into direct contact with the adjuvant, reducing the 

chances of activating a larger population of morphine-reactive B cells. 

The novelty of our vaccine also lies in its targeting of dendritic cells (DCs). DCs are 

significant in initiating, activating, and regulating the adaptive immune response 

(Gowthaman 2011). DCs present antigens to T cells and B cells, leading to their activation 

and differentiation into effector cells. Additionally, DCs secrete cytokines that stimulate B- 

cell differentiation into antibody-secreting plasma cells (Al-Garawi et al., 2015). 

Furthermore, DCs assist B cells undergoing somatic hypermutation, which results in the 

generation of B cells producing antibodies with higher affinity (Risso & Vicari, 2009). 

Our chimeric vaccine offers a distinct advantage over the previous ones by protecting against 

morphine addiction and TB infection. To achieve this, we utilised Acr1 nanoparticles 

conjugated with morphine, ensuring easy accessibility for binding to morphine-reactive B 

cell receptors (Cooper et al., 2015). The presence of morphine on the surface of MAPNV 

enables recognition by morphine-reactive B cells, facilitating their binding to the vaccine. 

Additionally, Pam3Cys, functioning as an adjuvant, is crucial in eliciting an immune 

response against morphine. What sets our vaccine apart is the dual functionality of Pam3Cys. 

It serves as both an adjuvant and a targeted delivery source. Pam3Cys is a ligand for TLR-2, 

a receptor abundantly expressed on DCs, macrophages, and B cells (Nguyen, 2016). This 

unique property allows Pam3Cys to act as an adjuvant, enhancing the immune response while 

specifically targeting MAPNV to DCs and B cells. The immune response triggered by 

Pam3Cys leads to high-affinity anti-morphine antibodies (Summers et al., 2006; Zhang et al., 

2004; Marina et al., 2020), effectively neutralising the influence of morphine. By 

incorporating these features into our chimeric vaccine, we have developed a system that 

addresses morphine addiction and TB infection (Reynolds et al., 2015; Vongsa et al., 2019), 

offering a comprehensive approach to combatting these challenges. 

In the immune system, dendritic cells (DCs) are the only antigen-presenting cells (APCs) 

capable of activating naive T cells, effectively initiating the body's immune response against 

foreign pathogens. As a result, understanding the role of DCs in immune defence is of utmost 
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importance for developing more effective immunological treatments (Willard-Mack et al., 

2015). By satisfying the requirements for a suitable vaccine against morphine addiction and 

TB, MAPNV is expected to stimulate an optimal immune response, effectively combating 

morphine addiction and Mtb infection. 

We demonstrated that macrophages and DCs could efficiently phagocytose MAPNV. 

Phagocytosis of MAPNV by macrophages is crucial as it triggers an immune response that 

activates T cells. Additionally, macrophages significantly release various cytokines, such as 

TNF-α, IFN-γ, IL-6, etc., which mediate an inflammatory response (Rivas et al., 2006). This 

recruitment of immune system cells, including B cells and T cells, helps clear the foreign 

material. We observed that MAPNV could overcome morphine-induced immunosuppression 

and activate phagocytosis of MAPNV by macrophages. This finding is supported by previous 

studies showing morphine's ability to inhibit the expression of proinflammatory cytokines 

TNF-α, IL-6, IL-1β, IFN-γ, etc., by macrophages (Liu et al., 2013). Furthermore, morphine 

can reduce the expression of toll-like receptors (TLRs) and other pattern recognition 

receptors (PRRs), which are crucial for macrophage and other APC activation (Li et al., 

2016). Further, we observed efficient phagocytosis of MAPNV by DCs through TLR-2 

signalling pathways. DCs carry antigens from various body sites to the secondary lymphoid 

organs to prime naive T cells (Bachmann et al., 2010; Reddy et al., 2007; Swartz et al., 1996). 

This finding aligns with previous studies suggesting that TLR-2 is a crucial receptor for 

recognising and internalising specific antigens (Das et al., 2022; Kolekar et al., 2014; Zhang 

et al., 2016). Moreover, TLR-2 plays a vital role in generating long-lasting protection against 

various pathogens, including Mycobacterium tuberculosis, Staphylococcus aureus, Listeria 

monocytogenes, etc. (Bishu et al., 2012; Carmen et al., 2012). Additionally, the expression 

of CD40 on dendritic cells (DCs) is essential for TLR-2 pathways to enable phagocytosis. 

TLR-2-/- animals showed reduced CD40 expression, indicating that TLR-2 pathways 

facilitate the phagocytosis of MAPNV. 

The unique self-adjuvant property of MAPNV makes it a promising vaccine candidate. This 

advancement is crucial in vaccine development, as mixing adjuvants often leads to an 

inconsistent immune response (Zitelli et al., 2018). Remarkably, mice vaccinated with 

MAPNV demonstrated activation, proliferation, and differentiation of morphine-specific B 

cells and Acr1-reactive CD4 T cells. The B cells secreted high-affinity anti-morphine 
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antibodies that effectively bound to morphine, clearing it from the brain and blood of the 

vaccinated animals. The presence of memory B cells persisted, indicated by the 

predominance of IgG subtype anti-morphine antibodies that lasted more than 45 days after 

immunisation. This suggests the ability of MAPNV to elicit a lasting effect, a vital feature of 

a successful vaccine. 

Notably, the vaccine's potency remained unaffected by the prior exposure of animals to 

morphine, as it successfully enhanced the production of anti-morphine antibodies. The 

vaccinated animals demonstrated optimal proliferation of CD4 T cells, with a predominant 

presence of Th1 and Th2 cells based on the expression of IFN-γ and IL-4, respectively. 

Furthermore, the CD4 T cells exhibited increased levels of CD44 and CD62L, indicative of 

generating a central memory phenotype. These findings suggest the potential development 

of Acr1-reactive Th1 cells, which are crucial for protecting against TB (Hanafusa et al., 

2020; Lai et al., 2020). Further, Th2 cells will provide help to B cells to secrete Abs. Thus, 

it can be inferred that the prior exposure of mice to morphine does not impact the proliferation 

of CD4 T cells like B cells (Naor et al., 2015; Zheng et al., 2015; Krawczyk et al., 2010). 

This underscores the effectiveness of MAPNV in efficiently activating and differentiating 

both cell types to counteract the effects of morphine. 

To explore the adjuvant properties of Pam3Cys in MAPNV and the potential need for 

additional adjuvants, we administered MAPNV supplemented with alum to immunise mice. 

Interestingly, no improvement in vaccine efficacy was observed with alum, as there were no 

changes in the proliferation and differentiation of morphine-specific B cells and Acr1- 

reactive CD4 T cells. This finding emphasises the self-adjuvant nature of our vaccine. Thus 

giving it a distinct advantage of delivering the adjuvant signal directly to the B cells that 

recognise morphine. 

In addition to effectively clearing morphine from the blood and brain of vaccinated mice, we 

observed a significant downregulation in the expression of opioid receptor µ (OPRM) and 

dopamine receptors in the brain. This observation holds excellent significance as OPRM and 

dopamine receptors play pivotal roles in drug addiction, particularly in the brain's reward 

pathway and the reinforcing effects of drugs. The involvement of dopamine and OPRM in 

the brain's reward and pleasure pathways is well-documented (Beyder et al., 2008; Duman et 

al., 2012; Boutrel et al., 2005; Toll-Wang, 2008). Their crucial roles in drug addiction stem 
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from the ability to reinforce drug-seeking behaviour. Drugs such as morphine, cocaine, 

amphetamines, and others elevate dopamine levels in the brain, resulting in intense pleasure 

and euphoria. This surge in dopamine and OPRM strengthens the association between drug 

use and reward, creating a powerful incentive for continued drug-seeking behaviour (Ostojic 

et al., 2015; Lynskey et al., 2007). The finding of downregulated OPRM and dopamine 

receptors in the brain following vaccination highlights a significant achievement of MAPNV 

as a potentially prosperous future vaccine. 

Noteworthy, MAPNV showcased effective prophylactic characteristics and remarkable 

therapeutic capabilities. This was evident as the vaccinated animals generated an optimal 

immune response against morphine, effectively safeguarding them from its influence upon 

subsequent morphine exposure. Moreover, in the case of mice that were previously exposed 

to morphine, the administration of MAPNV commendably countered its effects. These 

findings highlight the dual functionality of MAPNV, acting as both a protective measure 

against substance abuse and a viable therapeutic intervention. 

This comprehensive investigation highlights the pivotal role of MAPNV in safeguarding 

individuals from the perils of morphine addiction and TB infection through the induction of 

robust and effective immunity mediated by CD4 T cells and B cells. Furthermore, high- 

affinity anti-morphine antibodies signify their capacity to avidly bind and efficiently 

eliminate morphine from the body, prohibiting it from exerting its effects by binding to opioid 

receptors. The impact of morphine was further diminished through the downregulation of 

OPRM and dopamine receptors. Additionally, MAPNV demonstrates the potential to provide 

enduring protection against future encounters with morphine and TB due to the presence of 

Acr1-reactive memory CD4 T cells and morphine-specific B cells. The tremendous prospects 

of MAPNV as a prophylactic and therapeutic vaccine in mitigating the perils of morphine 

addiction and TB infection are compelling. 

Morphine and its derivative, heroin, are widely abused by adolescents worldwide, as reported 

in the World Drug Report-2022. Morphine use disorder has devastating consequences, as it not 

only leads to psychological impairments but also disrupts the functioning of immune cells such 

as macrophages, dendritic cells, T cells, and B cells. Additionally, it hampers the production 

of reactive oxygen intermediates, cytokines, and chemokines, thereby increasing susceptibility 

to diseases such as tuberculosis (TB), typhoid, AIDS, and STDs. 
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Various drugs, such as rifampicin, isoniazid, and dapsone, can potentially bind to body proteins 

during prolonged treatment, rendering them immunogenic and evoking the production of 

antibodies against them (Pai et al., 2018; Sajeed et al., 2019; Manalo et al., 2011; Winter et 

al., 2014). These Abs can interact with the drug molecules and neutralise their effects. 

Similarly, in the case of patients with Opioid Use Disorder (OUD) who continuously consume 

morphine over an extended period, morphine can bind to body proteins. As a result, there is a 

likelihood that a morphine-protein conjugate may trigger an Ab response and generate anti- 

morphine Abs. In our study, we examined the presence of anti-morphine Abs in the serum of 

patients with OUD who were chronically exposed to morphine, and we made the following 

significant observations: 1) the presence of anti-morphine Abs; 2) the presence of free 

morphine as well as morphine in the form of immune complexes (ICs); 3) the anti-morphine 

Abs predominantly were of the IgG subtype, with lower levels of IgM and IgA; 4) the anti- 

morphine Abs effectively bound to exogenously added morphine; 5) higher levels of FoxP-3, 

a transcription factor associated with regulatory T cells (Tregs), and lower concentrations of 

iNOS and IL-6; 6) a decrease in the magnitude of the immune response against the Acr1 antigen 

of Mycobacterium tuberculosis (Mtb). 

The anti-morphine Abs detected in our study displayed specificity towards morphine, 

regardless of the type of carrier proteins involved. No binding was observed with carrier 

proteins, and no anti-morphine Abs was detected in the serum of healthy controls. The 

predominance of the IgG subtype suggests the prolonged persistence of these Abs in the serum. 

Furthermore, their ability to bind exogenously added morphine indicates their continuous 

ability to clear morphine from the bloodstream. Notably, there was no correlation between the 

binding of anti-morphine Abs and their titers, as the binding is determined by the affinity of 

the Abs to the antigen, not the concentration of the Abs. 

Patients with OUD are known to have compromised immunity. Our findings revealed elevated 

levels of FoxP3, indicating an increase in Tregs. At the same time, there was no noticeable 

change in IL-17, a cytokine produced by Th17 cells. Further, we observed a decrease in the 

levels of iNOS and IL-6. Tregs suppress the host immune response, whereas iNOS, IL-6, and 

IL-17 play essential roles in defending against pathogens by generating pro-inflammatory 

responses. These results suggest that patients with OUD exposed to morphine have suppressed 

immunity. This was further supported by the fact that patients with OUD exhibited a 
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diminished immune response against the Acr1 protein of Mtb. It is worth noting that individuals 

with OUD are more susceptible to Mtb. 

This study suggests that long-term exposure to morphine results in the binding of morphine to 

body proteins, making it antigenic and prompting an Ab response. Anti-morphine Abs formed 

may bind morphine and clear it from the blood before influencing the physiology of patients 

with OUD. Anti-morphine Abs have been demonstrated to remove morphine from the blood 

of experimental animals before it could alter their behaviour (Janda et al., 2015; Ali et al., 

2015; Sack et al., 2013). Generating vaccines against morphine may be a prudent prophylactic 

and therapeutic strategy to combat the morphine menace efficiently. 
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Drug addiction is a chronic mental illness that affects millions of individuals worldwide. It is 

caused by the use of drugs of abuse, which provide pleasure or relaxation to a person, often 

leading to cravings and continued drug use despite harmful consequences. Opioid substitution 

therapy (OST) is a medication-assisted treatment (MAT) used to reduce and manage opioid 

addiction. It is designed to replace illicit opioids with prescription opioid substitutes, such as 

buprenorphine and naloxone, which have fewer side effects and are less likely to cause a "high" 

for the user. However, opioid substitution therapy is not a perfect solution. Some individuals 

struggle to adhere to the treatment plan and do not benefit from the prescribed medication. 

There is also a risk of relapse, as the same behaviours associated with addiction may still be 

present since the underlying causes of addiction are not addressed. Moreover, adverse effects 

of naloxone include cardiovascular problems, brain tissue rupture, and neurological disorders. 

Additionally, research has linked opioid abuse to an increased risk of Mycobacterium 

tuberculosis (Mtb) infection, which can lead to tuberculosis (TB). 

Vaccines have successfully eradicated deadly diseases like poliomyelitis, measles, and 

smallpox, indicating their potential to mitigate the adverse effects of opioids and thus making 

them a viable treatment option. Vaccines may offer a permanent solution to eliminate opioid 

abuse. 

Considering the aforementioned facts, we skilfully designed a unique vaccine against morphine 

addiction and TB infection. Morphine and Pam3Cys were conjugated on the surface of 

nanoparticles synthesised of Acr1 protein (MAPNV). Morphine will be recognised by the B 

cells. Pam3Cys (TLR-2 ligand) will deliver an adjuvant signal, and Acr1 reactive T cells will 

help morphine-specific B cells activate and secrete anti-morphine Abs. Acr1 is an 

immunodominant antigen of Mtb that can be used as a vaccine. 

The animals vaccinated with MAPNV demonstrated promoted the activation of morphine- 

specific B cells and Acr1-reactive CD4 T cells. Further, anti-morphine Abs successfully 

neutralised the presence of morphine in the blood and brain. The expression of OPRM and 

dopamine genes was downregulated, indicating the obstruction in the binding of morphine to 

these receptors. Interestingly, prior exposure of animals to morphine did not interfere with the 

vaccine’s efficacy in generating high-affinity anti-morphine Abs. Furthermore, supplementing 

MAPNV with adjuvant alum failed to enhance the vaccine’s potency. Thus, suggesting the 

self-adjuvanting MAPNV property of the vaccine. 
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The study proposes that the MAPNV offers a viable alternative to current OST medications 

and could represent a significant breakthrough in reducing the consequences of opioid 

addiction while concurrently protecting against TB. In essence, MAPNV shows promising 

prospects in protecting against morphine obsession. 
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