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Abstract  Throughout the history of mankind numerous kinds of diseases played a contributing part in shaping the 

humanity. Since, the beginning of 21st century, the persistent efforts in the medical sciences by the teams of research scientists 

have witnessed the fruition in the form of vaccinations as well as various lifesaving pharmaceutical drugs with confirmed 

capability against several ailments. The development of a remedial drug, is equally important to that of its delivery system in 

human body at the intended location and subsequently nano-particles emerged as an excellent option surpassing the 

conventional ways. It is equally crucial to study the pharmacokinetics in order to establish the release profile of a drug from 

its nano-particle encasing along with the encapsulation capacity of the later. A few spectroscopic techniques have been 

proven to be effective for the quantitative analysis study and the best of them being NMR spectroscopy. This scientific review 

article successively describes an interdepartmental collaborative translational research including the extensive use of both 

solid state and solution state Nuclear Magnetic Resonance spectroscopy for the quantitative determination (qNMR) of an 

anti-HIV, phosphorous containing pharmaceutical drug (Tenofovir) encased in spray dried, mucoadhesive, pH sensitive, 

nano-particle casing composed of bio-degradable material such as alginate & thiolated chitosan along with the in vitro 

pharmacokinetic study of its subsequent release profile when in contact with simulated human body fluids. 
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1. Introduction 

It is a well-accepted fact that for millennia various types  

of bacterial and viral diseases played a devastating role in  

the evolution of human society. Several infectious and 

autoimmune diseases have afflicted human race since, the 

dawn of civilization in the known history. In 14th century 

epidemics such as plague commonly known as Black Death 

factually demonstrated the potential to cause mass extinction 

of human population in Europe. In the past two decades of 

21st century the global human population witnessed a myriad 

of major viral disease’s pandemics caused by multitude of 

viruses such as flavi, alpha, filo, myxo, noro and corona to 

name a few. The recent COVID-19 situation which was 

imposed impromptu; factually demonstrated its influence  

to not only wipe  out the lives of millions but also  severely  
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cripple the world economy. 

A significant development in the medical sciences 

promised greater life expectancy as either a cure or acute 

preventive therapies were invented to triumph over large 

number of medical conditions thus marking an introduction 

of a new era in the beginning of 20th century. The 

commendable amount of development in medical sciences 

since the early 20th century introduced a large number of 

lifesaving drugs which succeeded in putting a leash on the 

dispersal of majority of life threatening diseases. In spite of 

these accomplishments, to the date, a therapy is still far from 

curing the notorious diseases such as Alzheimer, Cancer, 

Hepatitis, AIDS etc. A successful vaccine is yet to be 

developed, which renders, an execution of precautionary 

measures to inhibit from infection to be the best strategy of 

survival. Substantial levels of physical and emotional 

alteration and a possible distortion to the ailing person’s 

personality as well as perspective on life are the direct 

repercussions ascribed to the contraction of these dire 

diseases. 

In the beginning of current century the scientific 
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community worldwide remarkably got engaged in an intense 

research to invent measures, if not cure, to prevent the 

infection from these diseases and their further spread in 

human body after being diagnosed. Since then, an 

investigation to discover and develop an effectively 

functional drug against these diseases along with an efficient 

drug delivery system to administer the drug in infected 

human body is incessantly underway. The perseverance 

demonstrated by the scientific teams around the globe have 

now resulted in formulating certain drugs with proven ability 

against these diseases. Interestingly, majority of these drugs 

in pharmaceutical-medicinal field contain some of the most 

frequently characterized heteroatoms such as Phosphorous, 

Fluorine, Sulfur, & Boron along with commonly observed 

Nitrogen & Oxygen. 

As a matter of fact, it is not only the drugs but also their 

delivery systems in human body that are exclusively being 

researched and are under development. The extensive 

research in the field of nanotechnology has provided 

scientific community with a plausible solution to overcome 

the problems faced while developing suitable drug delivery 

system. Years of tenacious research has finally yielded in  

the development of a means to resolve problems associated 

with delivery of therapeutic compound to the target site. 

Nano-formulations are now being synthesized using 

numerous types of materials which are designed to release 

the encased drug strictly when triggered by change in the  

pH of the surrounding media. Hence, it is also crucial      

to understand the encapsulation capacity of these 

nano-formulations in their solid form along with the 

pharmacokinetics of their release profile from their 

nano-particle placebo-casing. 

A. The direst diseases of current era mentioned above 

and the pharmaceutical drugs contributing in their 

preventive treatment are discussed herein. 

A.1. Alzeimer’s Disease - Alpha GPC 

A.1.a. Severity of Alzeimer’s Disease 

Alzeimer’s disease was first identified, studied and 

reported by a German psychiatrist, Alois Alzheimer during 

years 1901-1906 [1-3]. It is a chronic neurodegenerative 

disease and is a major cause of dementia. In early stages,   

it indicates symptoms like short term memory loss which 

slowly but eventually culminates in permanent dementia. 

Other symptoms such as problems with language, 

disorientation, mood swings, loss of motivation, lack of 

self-care and many behavioral issues are observed in affected 

people during the advancement of the disease in body. 

People suffering from Alzeimer’s disease are often seen 

withdrawing from family and society as their condition 

exacerbates. Ultimately, by losing their bodily functions, 

they succumb to death [4-6]. In 2010, about 21-35 million 

cases of Alzheimer’s disease were identified worldwide, 

along with, about 486000 deaths that were reported as a 

result of dementia whereas, in 2020, approximately 50 

million people worldwide were identified with Alzheimer's 

disease [5,7,8]. Even though, the exact cause of Alzheimer’s 

disease is unknown, 5% of the cases have been identified as 

genetics, whereas, several competing hypothesis such as 

cholinergic, amyloid, tau hypothesis etc. exist, trying to 

explain the causes for the remaining cases [9]. 

A.1.b. Role of Alpha GPC and its Administration 

 

Figure 1.  Alpha-GPC 

[(2)-2,3-Dihydroxypropyl] 2-trimethylazaniumylethyl 

phosphate, also known as alpha-GPC is a 

parasympathomimetic acetylcholine precursor and a natural 

choline compound found in brain. It is a biosynthetic 

precursor of acetylcholine which rapidly delivers choline to 

the brain and thus has proven potential for the treatment   

of Alzeimer’s disease [10,11]. It is one of the widely 

accepted, currently available drug therapies that are    

based on cholinergic hypothesis which proposes that 

Alzeimer’s disease is caused by reduced synthesis of the 

neurotransmitter acetylcholine [12]. Alpha-GPC can be 

administered intravenously as well as orally with 

recommended dose of 1200mg/day [13].  

A.2. Cancer – Ifosfamide 

A.2.a. Severity of Cancer 

Cancer has existed for all of human history with earliest 

records found in 1600 BC on papyrus in Egypt [14]. Cancer 

is a group of diseases involving abnormal cell growth with 

the potential to invade or spread to other parts of the body. It 

is also known as malignant tumor [15]. Till the day more 

than hundred types of cancers have been discovered that 

affect humans [16,17]. In 2012, about 8.2 million deaths 

were reported due to cancer all over the globe. In 2015, about 

90.5 million people worldwide had cancer. In 2019, annual 

cancer cases grew by 23.6 million people including 10 

million deaths worldwide, representing over the previous 

decade increases of 26% and 21%, respectively [18-21]. 

Origin of cancerous growth in human body can be attributed 

to excessive consumption of tobacco and alcohol products, 

lack of physical activity, obesity, poor diet, exposure to 

ionizing radiation and environmental pollutants. Certain 

infectious diseases such as Hepatitis B & C as well as the 

genetic defects inherited from the parents are potential 

causes of the cancer. It is not quite possible to detect the 

exact cause of the cancer as it can be due to a combined 

effect of the various reasons. Based on the type of cell that 

the tumor cell resembles, cancers are categorized as 

carcinoma, sarcoma, blastoma, lymphoma & leukemia and 

germ cell tumor. Chemotherapy, radiation, surgery and 

various treatments under palliative care are employed 

depending on the type, grade and location of the cancer1 
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[5-18].  

A.2.b. Role of Ifosfamide and its Administration 

 

Figure 2.  Ifosfamide 

N-3-bis(2-chloroethyl)-1,3,2-oxazaphosphinan-2-amide-2

-oxide, classified as alkylating agent is an anti-cancer 

chemotherapy drug also known as Ifosfamide (trade name 

Ifex). This cell cycle non-specific drug is administered 

intravenously in conjunction with Mesna to avoid internal 

bleeding and gets eliminated from patient’s body by renal 

elimination [22]. Ifosfamide has proven effectiveness in the 

treatment of variety of cancers which seized our attention.  

A.3. Hepatitis B – Adefovir & Lamivudine 

A.3.a. Severity of Hepatitis and HBV 

Hepatitis was first recorded in 1885 and has yet known to 

be one of the deadliest epidemic of 20th and 21st century. By 

2010, China, India and Indonesia were reported to have 120 

million, 40 million and 12 million infected people, 

respectively. WHO has estimated that 600,000 people die 

every year as a result of this disease [23,24]. At least 296 

million people, or 3.8% of the world's population, had 

chronic HBV infection as of 2019. This disease can be 

summarized as a medical condition involving inflammation 

of the liver which can often lead to jaundice, poor appetite, 

malaise along with fibrosis and cirrhosis which can develop 

into liver cancer. Even though, the most common cause of 

Hepatitis is viral infection involving five types of viruses  

(A, B, C, D, E), other causes such as toxic & drug induced, 

alcoholic, autoimmune, ischemic, giant cell, cholestasis and 

non-alcoholic fatty liver dieses have also contributed 

considerably. All these causes ultimately result in liver 

failure [25-30]. The causes of transmission of Hepatitis B 

Virus (HBV) are very similar to that of the Human 

Immunodeficiency Virus (HIV) viz. sexual intercourse and 

blood transfusion, but is observed to be 50 to 100 times more 

infectious than HIV. HBV primarily interferes with the 

functions of the liver by replicating in hepatocytes where   

a functional receptor is NTCP. During HBV infection,    

the host immune response causes both hepatocellular 

damage and viral clearance [31-35]. As of now, drugs such 

as Lamivudine, Adefovir, Telbivudine, Entcavir are being 

effectively utilized in treating Hepatits B [36]. Even though, 

a vaccine has been discovered in the decade of 80s, none of 

the available drugs can completely cure the infection but can 

only stop the virus from replicating, thus minimizing liver 

damage. 

A.3.b. Role of Adefovir (AFV) and its Administration 

 

Figure 3.  Adefovir 

{[2-(6-amino-9H-purin-9-yl)ethoxy]methyl}phosphonic 

acid, also known as Adefovir (AFV) is a drug marketed by 

Gilead Sciences (trade name Hepsera) that belongs to the 

category of nucleotide reverse transcriptase inhibitor 

(NtRTI). It is administered orally as the pivoxil prodrug 

called as Adefovir dipivoxil and is observed to get 

eliminated from patient’s body by renal elimination. 

Adefovir has proven effectiveness against HBV as it blocks 

the reverse transcriptase enzyme, crucial for HBV to 

reproduce in human body and has been approved by US FDA 

in the treatment for Hepatitis B since 2002 [38-40].  

A.3.c. Role of Lamivudine and its Administration 

 

Figure 4.  Lamivudine 

(−)-L-2′,3′-dideoxy-3′-thiacytidine also known as 

Lamivudine, patented in 1995 and marketed by 

Galxo-Smith-Kline (trade name Epivir) is an antiretroviral 

drug typically used in combination with other antiretroviral 

drugs such as zidovudine and abacavir for the preventive 

treatment against AIDS and Hepatitis-B. Lamivudine is    

a nucleoside reverse transcriptase inhibitor (NTRI) 

administered orally as a liquid or tablet form. Some common 

side effects observed are nausea, diarrhea, headaches, feeling 

https://en.wikipedia.org/wiki/Hepatocytes
https://en.wikipedia.org/wiki/Receptor_(biochemistry)
https://en.wikipedia.org/wiki/SLC10A1
https://en.wikipedia.org/wiki/Immune_response
https://en.wikipedia.org/wiki/Nucleoside_reverse_transcriptase_inhibitor
https://en.wikipedia.org/wiki/Zidovudine
https://en.wikipedia.org/wiki/Abacavir
https://en.wikipedia.org/wiki/Nucleoside_reverse_transcriptase_inhibitor
https://en.wikipedia.org/wiki/Fatigue_(medical)
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tired, and cough along with few serious side effects which 

include liver disease and lactic acidosis [39-42]. 

A.4. AIDS - Tenofovir  

A.4.a. Severity of AIDS and HIV  

AIDS undoubtedly remains the deadliest epidemic of our 

time. WHO/UNAIDS/UNICEF global report of 2021 has 

estimated an average of 1.5 million new infections and 0.65 

million AIDS related deaths along with 38.4 million people 

living with HIV. Since its discovery, AIDS has yet caused  

an estimated 40 million deaths worldwide [43]. HIV is a 

single stranded RNA retrovirus responsible for AIDS.     

It uses reverse transcriptase enzyme to replicate single  

stranded DNA in a host cell through the process of reverse 

transcription. Body fluids such as semen, vaginal fluid and 

blood are the crucial media for transmitting HIV. There is yet 

no cure or vaccine invented. The five major types of drugs 

are usually used in combination, to treat HIV infection. One 

of these types of drugs known as ‘reverse transcriptase 

inhibitors’ (RTI) have been specifically designed to disrupt 

the process of reverse transcription and thereby suppresses 

the growth of HIV. A study has shown that combinations 

comprising of three drugs from at least two different    

types can slow the course of the disease and may lead to a 

near normal life expectancy. This type of combination 

treatment is referred as anti-retroviral therapy (ART), 

combination anti-retroviral therapy (cART) or highly active 

anti-retroviral therapy (HAART) [44]. Since 2001, expanded 

access to antiretroviral therapy and declining incidences of 

HIV infection have led to a steep fall globally by 33% in the 

number of adults and children dying from HIV-related 

causes [43]. 

A.4.b. Role of Tenofovir (TFV) and its Oral 

Administration 

 

Figure 5.  Tenofovir 

Reverse transcriptase inhibitors, further categorized in 

three forms consist of their respective nucleoside and 

nucleotide analogues (NRTI & NtRTI) and non-nucleoside 

reverse transcriptase inhibitor (NNRTI). In 1987, US FDA 

approved the first effective therapy against HIV which   

was the nucleoside reverse transcriptase inhibitor named 

Azidothymidine (AZT) [45]. Since, then number of drugs 

have been synthesized under RTI class. Tenofovir (TFV), a 

drug marketed by Gilead Sciences (trade name Viread) 

belongs to the category of NtRTI has proven to be effective 

against HIV as it blocks the reverse transcriptase enzyme 

[46,47]. It is administered as the fumarate salt of its 

disoproxil prodrug called as Tenofovir disoproxil fumarate 

(TDF) and alafenamide prodrug called as Tenofovir 

alafenamide fumarate (TAF). 

The recommended oral dose (tablet/powder form) of 

{[(2R)-1-(6-amino-9H-purin-9-yl)propan-2-yl]oxy}methyl 

phosphonic acid, also known as Tenofovir in adults is 300 

mg/day. Tenofovir gets eliminated from patient’s body by 

renal elimination. Pharmacokinetic studies following oral 

administration have shown the oral bioavailability of 

Tenofovir to be 39% along with food and 25% in fasted state 

based on urinary recovery data and intravenous data in 

patients [48]. Certain adverse effects such as lactic acidosis 

and liver problems are commonly incorporated with oral 

route with typical symptoms including stomach and muscle 

pain, nausea, headache, diarrhea and flatulence [49].     

The treatment of HIV disease was realized to be quite 

difficult considering the problems associated with delivery 

of therapeutic compound to the target site. As oral 

administration of Tenofovir proved to be less efficient as a 

drug delivery method, the urgent need for alternative 

pre-exposure prophylaxis (PrEP) methods [50] is a 

self-indicative of antiretroviral therapy being still far from 

curing the disease and a successful HIV vaccine is yet to be 

developed.  

B. Drug Delivery Systems- 

B.1. Topical Gels as Drug Delivery System- Advantages, 

Limitations & Improvements 

The idea of PrEP methods though started with the oral 

application of antiretroviral drugs was later focused on the 

vaginal/rectal application of anti-HIV substances, known as 

microbicides which are currently the principal focus for HIV 

prevention strategies [51,52]. To the date a great variety of 

HIV microbicides candidates have been studied and tested  

in clinical trials for their safety and microbicidal effects 

[53-57]. Infections caused by HIV and other enveloped 

viruses and sexually transmitted pathogens can be prevented 

by these microbicides which are the agents used topically 

within the vagina or rectum. In terms of formulation, a lot   

of the emphasis has been put on to the first generation    

gel formulation. According to some of the recent studies 

Tenofoir is approved as a microbicide in its effectiveness and 

safety for the prevention of HIV infections and its 

formulations as solid- lipid nanoparticles, vaginal gel, and 

vaginal ring have already been developed [58-63]. A decade 

ago, 1% vaginal gel formulation of Tenofovir was developed. 

It has been proven effective in clinical trials as, HIV 

incidence was reduced by 54% in the high gel adherence 

(>80%) group. In the light of this promising results emanated 

the prospect of a possible total protection against HIV,     

if a sustainable concentration of the active drug can be 

maintained. Unfortunately, this topical gel formulation was 

observed to suffer from several disadvantages such as 

https://en.wikipedia.org/wiki/Liver_disease
https://en.wikipedia.org/wiki/Lactic_acidosis
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leakage, poor patient compliance and the most significant 

one being its low retention time within the vaginal cavity. 

Thus, the coital dependence not only proved to limit      

the effectiveness, acceptability and adherence of aqueous  

gel system but also demanded a high dosing frequency   

[58]. These limitations compelled a microbicide formulation   

that could be administered in a coital independent    

fashion to become an ideal prevention strategy against 

sexually-acquired HIV.  

The requirement to overcome the practical limitations 

pushed the scientific study in a direction to prepare a 

formulation that essentially possess high vaginal retention 

time and can release a high dose of microbicide when sexual 

intercourse occurs. Nano-formulations such as hydrogels, 

mucin like polymers and spray dried mucoadhesive 

microspheres based on polymethacrylate salt were invented 

and reported. These topical microbicide formulations 

designed for vaginal delivery are site retentive, pH and 

temperature sensitive, non-cytotoxic and non-immunogenic 

to vagina epithelium and vaginal flora and can be triggered  

to burst release in the presence of human semen [64-69]. 

Collectively, these data presented potentially effective 

strategy for intra-vaginal delivery of microbicides for the 

prevention of HIV transmission.  

B.2. Delivery of Pharmaceutical Drugs through 

Nano-Formulations System 

Since the beginning of current century the extensive 

research in the field of nanotechnology has provided 

scientific community with a plausible solution to overcome 

the problems faced while developing suitable drug delivery 

system. Modern research showed that the problems such   

as limited effectiveness, poor bio-distribution, and lack    

of selectivity encountered during conventional ways of 

application of drug can be overcome by controlling the  

drug delivery [70]. Recent developments in nanotechnology 

revealed that the drug molecule encapsulated in 

nano-formulation are able to be delivered directly to the site 

of action and accordingly, nanoparticles (structures smaller 

than 100 nm) are considered to have a great potential as drug 

carriers. Liposomes, solid lipids, emulsions, suspensions, 

wafers, micelles, dendrimers, polymers, silicon/carbon 

materials, and magnetic nanoparticles are the categories of 

nano-carriers that have been tested as drug delivery systems. 

Nano-fibers such as albumin, gelatin, alginate, thiolated 

chitosan (TCS), Hyaluronic acid (HA), Eudragit, 

Polyethylene glycol (PEG), Polylactic acid (PLA) and 

Poly(Lactide-co-Glycolide) (PLGA) are some of the most 

prevalently used examples to synthesize the encasing of the 

various pharmaceutical drugs. The nanostructures exhibit 

unique physicochemical and biological properties due to 

their small size [71,72]. Properties such as an enhanced 

reactive area as well as an ability to cross cell and tissue 

barriers made nanoparticles a favorable material for 

biomedical applications. Nano-carriers have effectively 

proven a great deal of applications in solubilizing poorly 

soluble drug candidates, reducing drug toxicity, prolonging 

circulation times, controlling drug release kinetics, drug 

targeting, and monitoring drug delivery to enhance 

therapeutic efficacy [73−78]. Thus, in recent years interest in 

nanoparticle drug delivery systems has grown dramatically 

as they have shown improvement in the pharmacological and 

therapeutic properties of conventional drugs. Nevertheless, 

in vivo delivery process exhibited the challenges such as 

minimal drug leakage during the initial period and triggered 

drug release at the target site which were needed to 

overcome. 

C. Importance of Pharmacokinetics and 

Pharmacodynamics 

Pharmacokinetics and pharmacodynamics are 

undoubtedly the main pillars that must be thoroughly studied 

while designing any drug. Pharmacokinetics deals with the 

quantitative aspect of drug handling by a body which in turn 

defines the temporal relationship between dose of the drug  

to be administered and a respective drug concentration in  

the body. On the other hand, pharmacodynamics  

establishes relationship between drug concentration at the 

pharmacological receptor and its respective pharmacological 

response. The new drug designed to be considered useful as a 

medicine must be capable of being delivered to its site of 

action achieving concentrations sufficient to initiate and 

maintain the appropriate pharmacological response. ADME, 

stands for absorption, distribution, metabolism and excretion, 

describing the qualitative process by which the body  

handles the drug as soon as it is administered in the     

body. The thorough knowledge of ADME provides a 

systematic podium to understand relationship between 

pharmacokinetics and pharmacodynamics. The studies of 

ADME process have suggested that once the administered 

drug reaches to equilibrium within the body, the time profile 

of drug-plasma concentration is observed to be quite parallel 

to that of drug-tissue concentration if not of absolutely equal 

magnitude. This makes the issue of time required to achieve 

equilibrium, rather critical in establishing relationship 

between pharmacokinetics and pharmacodynamics [79]. 

Hence, learning pharmacokinetics is vital when launching 

new drug-body profile as it offers a quantitative outline   

for the prospective optimization of therapeutic dosage 

treatments. 

D. Analytical Methods Implemented for Detection &   

in vitro Quantification of Drug 

Prior to the actual administration of a drug in human body 

the quality control of drug delivery system is an extremely 

important step which makes understanding the factors 

influencing drug release, from both in vivo and in vitro 

perspective, quintessential. Hence, a variety of meaningful in 

vitro drug release testing methods were developed and 

implemented to predict the in vivo pharmacokinetics and 

performance specifications. Methods introduced in earlier 

years such as ultrafiltration and ultracentrifugation proved to 

be inefficient [80-82] as they incorporated significant errors 

in measurement due to premature drug release as well as 

continued drug release during the run time of the separation 
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process. The most prevalently used method to establish the 

kinetics of drug release from nanoparticles was dynamic 

dialysis where the amount of drug released from nanoparticle 

was assumed to be directly proportional to the depletion of 

drug from donor compartment and its appearance in receiver 

compartment. Also, the elimination of the additional step of 

separating nanoparticles from free drug at various time 

points during the kinetic study surpassed the popularity of 

dynamic dialysis over ultrafiltration and ultracentrifugation. 

Soon, potential sources of errors discovered in the 

experimental data obtained, put the authenticity and 

reliability of dynamic dialysis method to question. The rate 

of the drug release in receiving chamber was attributed to the 

driving force for drug transport across the dialysis membrane 

and its barrier properties. The driving force on the other hand 

was influenced by the reversible drug binding to the 

nano-carrier and the issue of drug partitioning between the 

phases present in dispersed systems [83-87]. The idea of 

compensating for the misinterpretation of release rate of 

dialysis method by implementing the reverse dialysis 

method and other similar techniques like rotating dialysis 

cell, Franz diffusion cell, and dialysis bag method were also 

proven to be not so effective due to its poor sensitivity and 

specificity [88-92]. Even though, the methods such as (High 

Performance Liquid Chromatography) HPLC and (Liquid 

Chromatography Mass Spectroscopy) LCMS utilized for the 

quantification of drug released in receiving chamber proved 

to be highly accurate, the experimental demonstration of the 

practical limitations incorporated within the dialysis method 

rendered it to be far from being tagged flawless [93]. Thus, 

the demand for an ideal solution compelled scientific 

community to search for the direct, accurate, and if possible, 

real time method for the detection and quantification of  

drug molecule. Establishing the pharmacokinetics of the 

drug release, in vitro, imitating the in vivo scenario is very 

important as it can provide sufficient information about   

the actual performance of the drug before being tested on 

animals or humans. In order to achieve the purpose of quality 

control and chemical standardization in a variety of sectors, 

qNMR has undoubtedly established its value as an 

orthogonal method for quantification and a persuasive 

substitute to chromatographic techniques [94]. Taking into 

account the proven track record in pharmaceutical-medicinal 

field, it was certain for Nuclear Magnetic Resonance; NMR 

technique to become the primary choice as analytical method 

to be developed which can effectively establish the rate    

of release of the drug under study, encapsulated in 

nano-formulation.  

E.1. Significance of Quantitative NMR Spectroscopy:   

A Technique with Upper Hand! 

In early 1950s since the discovery of nuclear magnetic 

resonance (NMR) spectroscopy, it is feasibly the most 

essential, authoritative, and widespread form of 

spectroscopy in both academic and industrial research. It 

probes atomic environments based on the different resonance 

frequencies exhibited by nuclei in a strong magnetic field. 

NMR has proven to be one of the most important analytical 

tools in changing our view of the possibilities of performing 

analysis on micro-gram level. An increase of sensitivity due 

to stronger static magnetic fields allowed not only 

independent and intrinsically reliable determination of 

chemical purity but also the determination of amount of 

substance in the sample under study by utilizing NMR 

spectroscopy. Around six decades ago the potential of  

NMR spectroscopy for the quantitative analysis of organic 

chemicals was first demonstrated whereas, the first 

quantitative measurements have been described in the 

literature in 1963 [95-99] that included the structural 

elucidation of organic compounds for determining the 

number of protons on each site of a molecule by measuring 

the integrals. NMR is an effective spectroscopic tool for 

quantitative analysis, as the intensity of a resonance line is 

directly proportional to the number of resonant nuclei or 

spins. In contrast to chromatography, quantitative NMR 

(qNMR) employs a universal reference standard as an 

internal standard for majority of chemical products assayed, 

as NMR response can be made the same for all chemical 

components including an internal standard by optimizing 

certain instrumental parameters. Thus, qNMR while 

maintaining greater standards of sensitivity, speed, precision, 

and accuracy contests commendably with chromatographic 

methods by avoiding a need for a reference standard for each 

analyte. These facts enabled qNMR to find applications in 

various fields such as but not limited to Physics, Chemistry, 

Bio-Chemistry, Pharmacy, Food Science, Medicine, 

Veterinary etc. [100-104]. Albeit, qNMR is almost as old  

as NMR itself, it is still a fresh field as it has yet to find 

applications in research areas such as geochemistry, 

environmental and forensic sciences. A destructive 

technique such as Mass Spectrometry with higher sensitivity 

has been usually observed to beat qNMR in the fields where 

the scope and application of qNMR needs a significant boost 

by overcoming challenges such as resolution and sensitivity.  

In the last two decades, in pharmaceutical research 

quantitative NMR spectroscopy has become increasingly 

important for the analysis of both active pharmaceutical 

ingredient (API) and excipients as it has been primarily used 

in classical organic chemistry framework with its typical 

investigation focused on (i) structural determination and 

chirality studies of drug substances, (ii) studies including 

cellular metabolism and proteins. Quantitative NMR being 

universal and highly specific proved to be a remarkably 

successful analytical tool in structural analysis. Systematic 

validations of qNMR method, performed in a manner 

consistent with the Good Laboratory Practice guidelines of 

the United States and international government regulatory 

agencies, have been reported [105-108]. United States 

Pharmacopoeia [109], the British Pharmacopoeia [110], 

Japanese Pharmacopoeia and European Pharmacopoeia  

and few other pharmacopoeias around the world have also 

reported the general qNMR as a primary ratio method of 

measurement in which the analyte can be correlated directly 

to the calibration standard and hence to be compendial. The 
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prevalent recognition of NMR for quantitative analysis can 

be credited to specific benefits like, (i) the prospect to define 

structures at a molecular level, (ii) calibration of intensity is 

deemed unnecessary in case of determination of ratios as 

signal area is directly proportional to the number of nuclei, 

(iii) measuring times are comparatively short, (iv) technique 

is non-destructive in nature, (v) sample preparation is rather 

easy as a prior isolation of the analyte in a mixture is not 

required [111-114]. 

Even though, most of the early qNMR studies have   

been performed with solution state NMR technique, for  

past three decades solid state NMR spectroscopy has come  

to the forefront of quantitative analytical techniques in 

pharmaceutical research. The Food and Drug Administration 

(FDA) has also recognized the need for solid state NMR 

characterization of drug substances as approximately  

80–90% of pharmaceutical products on the market exist   

in the solid form. The possibility of decrease in stability  

and increase in interaction with excipients of active 

pharmaceutical ingredient (API) due to its alteration, caused 

by the extreme conditions of processing the formulation  

into dosage form makes it critical to study pharmaceutical 

compounds in the solid state both at the bulk level and    

for the final dosage form [115-118]. Thus, SS NMR 

spectroscopy has also been successfully applied to the study 

of polymorphism in pharmaceutical drugs at both the 

qualitative and quantitative levels. 

E.2. Theory of Quantitative NMR Spectroscopy 

One of the very important fundamental aspect of qNMR is 

the signal intensity for a compound X (Ix) being directly 

proportional to the number of nuclei (Nx) producing the 

NMR signal [101]. 

Ix = Ks Nx (Ks is an independent spectrometer constant). 

Usually the NMR signal of a single substance consists of 

several resonance lines. Therefore, either the raw integrated 

signal (Ix) or a ratio of relative integrated peak areas for two 

compounds X and Y (Ix/Iy) could be used to quantify a 

molecular concentration. If multiple NMR experiments are 

performed, Ks being a spectrometer constant across the 

spectrum, the relative integrated signal area is equivalent to 

the concentrations. 

The determination of relative area ratios Ix/Iy is the easiest 

way to obtain quantitative results. For single pulse NMR 

experiments with correct acquisition parameters Ks is the 

same constant for all resonance lines within the same 

spectrum, such that it cancels for the ratio- 

Ix

Iy
=

Nx

Ny
 

The molar ratio Nx/Ny of two compounds X and Y can be 

calculated straightforward using- 

nx

ny
=

Ix Ny

Iy Nx
 

Consequently, the amount fraction of a compound X in a 

mixture of m components is given by- 

nx

 nim
i=1

=  
Ix/Nx

 Ii/Nim
i=1

 

without any need to consider the solvent signal in which the 

mixture is dissolved as the only sample preparation step. For 

the purity determination of a substance an internal standard 

with known purity is needed. The purity of the analyte Px can 

be calculated as follows- 

Px =
Ix Nstd Mx mstd

Istd Nx Mstd m
 Pstd 

Here, Mx and MStd are the molar masses of the analyte and 

the standard, respectively, ‘m’ the weighed mass of the 

investigated sample, mStd and PStd are the weighed mass and 

the purity of the standard and NStd and IStd correspond to the 

number of spins and the integrated signal area of a typical 

NMR line of the standard, as described above. 

Taking into account the theory & principle of quantitative 

NMR an advancement in the research project involving   

the study of a pharmaceutical drug encased in a 

nano-formulation can be based on certain definite aims- 

Aim 1: Development and validation of a method focused 

on a specific NMR active nuclei constituting a 

pharmaceutical drug molecule of interest for the quantitative 

analysis study utilizing both solid state and solution state 

NMR spectroscopic techniques. 

Aim 2: Application of solution state NMR spectroscopic 

technique to establish pharmacokinetics of in vitro drug 

release from the nano-formulation in various simulated 

human body fluids. 

Aim 3: Application of solid state NMR spectroscopic 

technique to determine the encapsulation efficiency of a drug 

and nano-formulation pair. 

Aim 4: Continue and expand with an investigation of a 

variety of pharmaceutical drug molecules with proven ability 

in the treatment of various calamitous diseases of current 

century such as Alzheimer, Cancer, Hepatitis, AIDS etc. 

utilizing proposed qNMR spectroscopic methods.  

E.3. Advances in Detection Technique  

Research has been carried out where quantitative nuclear 

magnetic resonance (qNMR) spectroscopy was employed to 

analyze the drug under study by taking advantage of the 

NMR active nuclei with larger % natural abundance such  

as Hydrogen, Phosphorous or Fluorine atom in the drug 

molecule. 1H solution state NMR method to perform a 

real-time detection and quantification of Tenofovir have 

been developed and validated [119]. The drug release profile 

was established in simulated vaginal fluid solution and 

vaginal-seminal fluid solution by integrating the two peaks 

(δ = 8.00 & 8.09 ppm) generated from the aromatic protons 

in Tenofovir to quantify its respective amount. Their results 

have demonstrated a good sensitivity as well as specificity 

that allowed the direct quantification of in vitro Tenofovir 

release from a spray-dried mucoadhesive and pH-sensitive 

MS formulation based on polymethacrylate salt without the 

membrane diffusion technique.  

Advancement in the research was focused primarily on the 
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development and implementation of a general qNMR 

method specifically focused on 31P which is NMR active 

nuclei to achieve direct, real time quantification of in vitro 

drug release. Researcher stood up in an effort aimed to 

provide medical field with a better understanding of the drug 

loading and drug releasing profiles of the large number of 

phosphorus containing drugs [120-123]. Both solution-state 

& solid-state NMR spectroscopic techniques were   

utilized to establish the pharmacokinetics of drug release  

and for the determination of encapsulation efficiency of 

nano-formulation for a particular drug. Tenofovir, an 

antiretroviral topical microbicide with proven mettle against 

HIV/AIDS was chosen as model phosphorous containing 

drug. The proven effectiveness of a specific type of spray 

dried, mucoadhesive, pH sensitive, mannose responsive 

nano-formulations composed of bio-degradable material, 

alginate & thiolated chitosan, intended to serve as an 

encasing for Tenofovir was selected. 

E.3.a. Synthesis of Nano-Particle Casings-  

The NPs were synthesized by alternatively coating 

alginate and thiolated chitosan over Tenofovir core by a 

layer by-layer method. Sprayed alginate NPs to be 

suspended into the solution of CaCl2 and TCS and stirred. 

The product was collected by centrifugation and washed 

thoroughly with water. NPs were then suspended in aqueous 

solution of alginate and the respective product to be collected 

by centrifugation and washed thoroughly with water. This 

process was repeated ‘n’ times in order to obtain, single, 

double and triple layered NPs (SLNP, DLNP, TLNP) as the 

final product. 

The research is primarily focused on the development and 

validation of a 31P-qNMR method that can be implemented 

to determine the amount of drug released from its 

placebo-encasing in the simulated human body fluids such  

as simulated plasma, vaginal & seminal fluids. Considering 

the drawbacks of 1H-NMR & 13C-NMR assays, 31P-qNMR  

is an excellent technique for studying phosphorus  

containing compounds. Phosphorous with nuclear spin ½ , 

comparatively higher gyromagnetic ratio and natural 

isotopic abundance of 100%, produces high signal-to-noise 

(S/N) ratio, thus making 31P-qNMR method considerably 

economical and 379 times more sensitive.  

 

Figure 6.  Schematic representation of preparation of multilayer nano-particles (NPs) of thiolated chitosan and alginate alternately layered over a core 

containing Tenofovir by electro-spinning method 

 

Figure 7.  31P solution state NMR spectra of pure Tenofovir (δ = 15.7 ppm) in simulated vaginal fluid 
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Figure 8.  Schematic representation of the release of Tenofovir from its nano-particle casing in simulated human body fluids by 31P solution state qNMR 

spectroscopy 

The experimental procedure for qNMR analyses is 

substantially different from the conventional use of NMR. 

O-phosphoric acid was used as an external standard (ES) and 

its chemical shift (δ) value was set to 0 ppm. A single 31P 

nuclei in Tenofovir molecule typically gives rise to a single 

sharp peak (δ = 15.7 ppm); the peak area of which being 

directly proportional to the amount of Tenofovir (encased or 

released) can be estimated. The method was validated 

according to International Conference of Harmonization 

(ICH Q2:R1) guidelines [124]. Each experiment comprised 

of three replicate quantitative measurements, from which a 

mean percent purity and its standard deviation was obtained. 

The variation within the 31P NMR peak areas were presented 

as percentage of relative standard error (%RSE) for each 

validation parameters such as specificity, linearity, LOD & 

LOQ, accuracy & precision, robustness (through variations 

in temperature, relaxation delay, pulse width) etc. The 

experimental parameters were fixed between all spectra 

(especially the number of experimental scans), the effects of 

too short a relaxation delay were constant in all experiments 

making the integral calculation consistent. The primary 

reason to apply a short relaxation delay is that acquisition 

time for each experiment during the in vitro drug release 

study is going to be limited. All of the experimental 

measurements were carried out at 37°C (human body) 

temperature. The kinetics models such as Zero & First order, 

Korsmeyer-Peppas, Higuchi, Weibull were utilized to 

elucidate mechanism of the in vitro release of Tenofovir 

from its nano-particle encasing [121]. 

E.3.b. Experimental Procedure for Solid State 
31

P 

qNMR- 

The 31P-P45 MAS SS NMR (magic angle spinning solid 

state nuclear magnetic resonance) spectra was acquired on a 

Tecmag Apollo console (Houston, TX) with 8.45 T magnet 

operating at 357.2 MHz and homebuilt, 2-channel, 

wide-bore 3 mm NMR probes. The Larmor frequency for 31P 

was 144.596 MHz. The MAS spinning frequency, relaxation 

delay and 45° pulse length was, 8 KHz, 15 s and 2 μs, 

respectively. Typically, 5K acquisitions was added using 2K 

data points with spectral width of 200000 Hz, and an 

acquisition time of 10.24 ms. Data processing included phase 

correction, to be performed manually for each replicate, and 

baseline correction over the entire spectral range. Areas of 

the peaks will be determined by electronic integration of 

expanded regions around diagnostic resonances. The amount 

of the sample and ES were adjusted so that approximately 

equal intensities are obtained in the spectrum. The 

compatibility of the chosen ES and an analyte were verified 

prior to the quantitative analysis. All experiments were 

performed at ambient temperature without any corrections 

for sample heating. Around 30 mg of sample of pure TFV, 

blank NPs and drug loaded NPs were used for each analysis. 

 

Figure 9.  Determination of encapsulation efficiency of nano-particle (NP) 

casings by 31P solid state qNMR spectra of Tenofovir (δ = 15.7 ppm) 

encapsulated in NPs. A) Pure Tenofovir (control) = 100 %, B) Single Layer 

NP = 17.8 %, C) Double Layer NP = 12.4 %, D) Triple Layer NP = 7.4 %.; 

Peak areas are normalized w.r.t. that of Pure Tenofovir; Side-Bands are 

denoted by Asterix 
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This analytical method signifies a huge scope as it can be 

extensively applied to all of the phosphorous containing  

drug molecules which can in turn provide a great deal of 

information about the actual performance of a drug prior 

being tested on animals or humans. In the similar fashion 

methods can be developed and validated for several other 

NMR active nuclei such as but not limited to (11B) Boron, 

(19F) Fluorine, Nitrogen (15N), Sulfur (33S) etc. [125-127] 

which prevalently are the constituents of various 

pharmaceutical drug molecules. This research contribution 

would potentially aid scientific community in building 

improved versions of drug delivery systems that will further 

decrease the probability of infection, act as containment 

measure or spreading of the disease in human body, saving 

greater number of human lives.  

2. Conclusions 

Solution state NMR spectroscopic technique can be 

implemented to establish real time kinetics of in vitro drug 

release from its nano-formulation casing in simulated human 

body fluids such as seminal & vaginal fluids and blood 

plasma. On the other hand, solid state NMR spectroscopic 

technique can be employed to determine the encapsulation 

efficiency of a nano-formulation for the drug under study.  

In general, these particular research projects are very 

motivating as they contribute towards that one step which 

brings scientific community closer towards inventing 

effective treatment on HBV-Hepatitis B, HIV-AIDS and 

other similar dire diseases. Hence, working on such projects 

for any scientist proves to be the principle key in achieving 

the greatest goal of their career that they incessantly pursued 

throughout many years which is a progressive role in the 

future of humanity through scientific inventions. In 21st 

century, the scientific institutions in many developing 

nations are positively impacting the health of millions 

around the globe as they contribute by investing in the 

research & development of such innovative technologies. 

Human species have been deeply affected by multiple life 

threatening diseases for ages; a need of time it is now to rattle 

their cage.  
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