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Abstract 

 

 

Artificial intelligence (AI) is defined as any techniques that allow the 

computer to mimic the human brain process to simulate intelligence process 

in human. Artificial intelligence (AI) is playing an important role in the field 

of drug discovery and drug development process. Computational power with 

advancements in Artificial intelligence technology has been used to modernize 

the drug development process. Currently, the pharmaceutical industry is 

having challenges to maintaining their drug development programmes due to 

more money investment in Research & development area. In this book, we 

mainly focused on an overview on AI, applications of AI in drug design, drug 

screening, drug interactions and drug development in the field of 

pharmaceutical sciences.  
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Introduction 

 

 

Artificial intelligence (AI) is defined as any techniques that enable the 

computer to mimic the human brain to simulate human intelligence process 
[1]. 

The term “artificial intelligence” was coined by John McCarthy at the 

Dartmouth Conference in 1956 to describe “the science and engineering of 

making intelligent machines”. Artificial intelligence, one of the key 

technologies in the era of the 4th Industrial Revolution, is expected to greatly 

affect traditional drug discovery. Artificial intelligence is attracting attention 

as an innovative technology that can dramatically reduce the high cost and 

time required for the new drug discovery. At this stage, artificial intelligence 

is mainly used to search for candidate molecules during drug discovery, but it 

is likely to be actively used in drug discovery through open innovation in the 

future. In this book, it is presented the current state of artificial intelligence in 

each stage of a new drug discovery and prospect for the future usability. 

Traditionally, the discovery of novel targeted drugs is an expensive long-

term progress, costing billions of US dollars and more than 10 years. In the 

very beginning, a therapeutic drug target must be identified by traditional 

experimental methods. Then, structural biologists come to decipher the three-

dimensional (3D) structures as well as their ligand-binding characteristics to 

reveal whether this is a druggable target. Subsequently, medicinal chemists 

and pharmacologists use high-throughput screening to find several highly 

effective lead compounds for further safety assessment as well as clinical 

trials. In general, the above procedures are costly and tedious. In November 

2018, a study was conducted to estimate the total cost of trials for the 

development of novel Food and Drug Administration (FDA)-approved drugs. 

The result shows that the average cost of efficacy trials for the 59 new drugs 

approved by the FDA during 2015–2016 was $19 million. Therefore, it is 

necessary to overcome the limitations of the conventional drug discovery 

procedures by introducing efficient, low-cost and computational methods.  

Compared with traditional drug discovery methods, rational drug design, 

mainly including computer-aided drug design (CADD), is more efficient and 

economical. Rational drug design integrates molecular docking to the ligand-

binding pocket of a promising therapeutic target, computes the binding energy 
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of each docked small molecule compound, and selectively chooses the best 

ones as candidates for subsequent experimental procedures. Today, there are 

more than 100000 protein 3D structures deposited in Protein Data Bank (PDB) 

for molecular docking. In contrast to traditional methods, rational drug design 

has boosted the hit rate of drug screening by more than 100 times, from 

~0.01% to 1%~2%. Moreover, CADD is a more multidiscipline method which 

integrates advanced bioinformatic techniques and sophisticated computational 

algorithms. Due to its relatively high hit rates, CADD method is becoming the 

fundamental basis of industrial drug discovery as well as academic research. 

Cancer-targeted drugs are the most successful drugs for the last three decades. 

A lot of cancer-related proteins have been identified as therapeutic targets by 

computational data mining of transcriptome data in databases such as The 

Cancer Genome Atlas (TCGA), The Human Protein Atlas (THPA) and so on. 

Unfortunately for other diseases, such as stroke, vascular-related diseases and 

other genetic diseases, there are no similar integrated omics databases to 

provide sufficient big data. However, there are increasingly more single cell 

transcriptome data of various diseases publicly available. Thus, such data will 

be precious goldmines in terms of the discovery of therapeutic targets for 

stroke, vascular-related diseases and other genetic diseases. Moreover, 

supercomputers are speeding up lead identification and evaluation. In this 

book, we provide an overview of how the integration of big data and AI could 

help us to discover new therapeutic targets and their targeted lead compounds, 

as well as their absorption, distribution, metabolism, excretion and toxicity 

(ADMET) properties [2]. 

What tasks is AI performing [3]? 

Three broad categories: Biology, Chemistry, Clinical Trials  

→ Identify disease targets and biomarkers, build confidence 

→ Re-purpose existing drugs 

→ Discover novel drugs 

→ Design and recruit for clinical trials 

→ Synthesize and analyze real world evidence 

 Brief History of Artificial Intelligence[4-9] 

The term “artificial intelligence” was coined by John McCarthy at the 

Dartmouth Conference in 1956 to describe “the science and engineering of 

making intelligent machines”. McCarthy’s original description still holds true 

today, albeit with some fleshing-out of the specifics. As a multidisciplinary 

field, AI involves integrating insights from diverse disciplines such as 
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computer science, mathematics, psychology, linguistics, philosophy, neuro-

science, artificial psychology, and many others. Recent intellectual and 

engineering advances have helped the field progress from purely theoretical 

studies to the implementation of intelligent systems that solve problems in 

various aspects of our lives. The current scope of such applications includes 

fields and studies as heterogeneous as natural language understanding and 

processing, speech understanding and processing, mechanical/computer 

vision, autonomous/ intelligent robots, and domain expertise acquisition, to 

provide only a few examples. Despite the broad spectrum of problems that can 

be addressed by AI, there are some basic methods that play major roles in all 

cases, examples of which include knowledge acquisition and maintenance, 

knowledge representation, solution search, logic reasoning, and machine 

learning. In the mid-1930s, Alan Turing introduced the idea of what is today 

referred to as the “universal Turing machine”, which could simulate any 

possible computer. To some extent in march-step with the advances of the 

computer hardware, the history of AI has been one of fits and starts, of boom 

and bust. The early, in the 1950s and 1960s, was fueled by pure optimism. 

During this period, symbolic methods were introduced for semantic 

processing, the concepts of logical reasoning and heuristic searching emerged, 

and man-machine interaction became feasible. The first machines with 

preliminary intelligence were conceived, for example, STUDENT (1964), a 

machine that could implement machine proofs of some mathematical 

theorems and logical inference of statements. Another early example was 

ELIZA (1966), a machine that could emulate human dialogue, albeit in a 

limited fashion. The rapid development of these and other instances of AI 

fueled a frothy reaction, leading to a cycle of irrational exuberance and 

eventual disappointment in the power of AI. The eventual cooling of such 

sentiments has been described as the first “AI winter”. Importantly, and of 

note for AI evangelists past and present, there is no magic in AI, only 

probability and statistics, the proper applications of which are contingent on 

mathematics, the availability of suitable data, and on the capabilities of our 

hardware. AI had its second peak in the early 1980s. Substantial progress had 

been made in AI-related mathematical models, including the multilayer feed-

forward neural network and the backpropagation algorithm. These tools allow 

for the construction of an abstract model of the world and provide a way to 

update the model given input (learning from feedback). This combination was 

the first to manage victory against a human chess player, and one that laid the 

foundation for much of the work done in the field to date. A first foray of such 

methods into the area of chemistry and molecular biology was achieved by the 

prediction of secondary structure from protein sequence information. At the 
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same time, various expert systems had entered the market. For example, 

Carnegie Mellon University had created an expert system for the DEC 

Company. This expert system allegedly helped DEC save about 40 million 

dollars per year by automated decision-making. Encouraged by this success, 

many countries, including Japan and the United States, invested heavily in the 

development of the so-called fifth-generation computers, also referred to as 

‘artificial intelligence computers’. However, an apparent drawback was their 

incapacity to learn algorithmically from data and to address uncertainty in 

reasoning. Moreover, the high maintenance costs of expert systems and the 

emergence of less expensive and faster desktop computers pioneered by Apple 

and IBM directly caused a collapse in the market for such systems, taking AI 

into the second winter with little apparent hope of re-emerging into the 

mainstream. Despite its withdrawal from the public eye and a corresponding 

reduction in funding, work on such matters did not cease entirely. 

Developments focused on enhancing the statistical validity of the reasoning 

produced by AI models. A Chemical Reviews new paradigm, machine 

learning, placed considerable emphasis on learning actionable insights from 

complex data and generated excitement within the wider scientific 

community. New key algorithms and methods were introduced, including 

expectation-maximization, Bayesian networks, support vector machines, and 

decision trees. Instead of being explicitly “programmed”, as was the case for 

the expert systems, machine learning models are “trained” to Fig 
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 Advantages of Artificial Intelligence[10,11] 

The purpose of making the first machines was only to assist people in 

daily tasks. However the only goal of today's machines is not only to help 

daily tasks. Day by day artificial intelligence is becoming more intelligent than 

people. 

 Making the daily life easier 

The most obvious advantage of artificial intelligence is helping daily life. 

People are need artificial intelligence because they are tired of many jobs in 

their daily lives. Whitby (2012) states that, ''In the information technology 

revolution machines replaced much routine administrative work''. When 

Artificial intelligence can use well, it will provide great convenience to 

people's life. For example Siri is a artificial intelligence developed by Apple. 

Siri has so many benefits in it. For example, there is a place we want to but 

we do not know how to go this place, Siri can show us a road map. In the 

future, artificial intelligence can do a lot of work such as chores, 

transportation. Therefore, artificial intelligence maintains an important place 

in people's lives. 

 Multitasking 

Another advantage of artificial intelligence is multitasking. Computers 

can do a lot of works at the same time as we know. For example people can 

surf the internet while listening to music with computer. Therefore, people can 

do only 2-3 at the same time. Whatever, artificial intelligence is always ahead 
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of them in this matter. Whitby (2012) states that, If you use search engine on 

the web, you will probably be using artificial intelligence technology or, at the 

very least, technology that has spun off from artificial technology. Indeed 

some search engines are now so sophisticated that their working has been said 

to throw light on ways in which human memory might work. Computers have 

much more sophisticated intelligence than humans. Moreover, computers 

have more information retrieval capacity. This means people can forget 

information but the informations we save on computers is unforgettable. 

Hence, computers do not forget when they learn a task and they can do so 

many task simultaneously. 

 Disadvantages 

Artificial intelligence has advantages but at the same time it has 

disadvantages. Such as unemployment, lack of privacy and the end of 

mankind. Sotala and Yampolskiy (2014) state that “Even if the intentions of 

their owners were benign. Narrow-AI systems are more autonomous and 

powerful. So that they take unanticipated and harmful actions before a human 

supervisor has a chance to react". Artificial intelligence is not reliable because 

they can’t think like humans. 

 Unemployment 

With the development of technology, people started to work with 

machines. The early machines were used only for helping people at their jobs 

but as time goes by machines started to do jobs instead of humans.  

People's feeling and daily life is affect their work performance but 

artificial intelligence can do whatever you want in any situations. Therefore, 

people might lose their jobs. The number of unemployment people might 

increase in turn. Because of that we must use artificial intelligence only a few 

jobs and we must take them under surveillance. 

 End of the Mankind 

The second major disadvantage of artificial intelligence is the end of 

mankind. In time, computers became more intelligent than humans. 

Yampolskiy and Fox (2012) states that “If AIs at human level and above are 

developed, the human species will be at risk, unless the machines are 

specifically designed to pursue human welfare, correctly defined, as their 

primary goal.” Artificial intelligence has no learning limits because of that 

they are developed day after day. But all humans had a learning and 

intelligence limit. Therefore, artificial intelligence one day become more 

intelligence than humans. If they are intelligence than us maybe we can change 
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the roles in the future. Now robots or artificial intelligence is our tool but in 

the future maybe we will their tools. Maybe they will kill us in the future and 

this will be cause end of the mankind. Humans need to control artificial 

intelligence and artificial intelligence must be under surveillance. 

 Lack of Surveillance 

The last disadvantage of artificial intelligence is its negative effects on 

the privacy of the people. In the long run, artificial intelligence will become 

part of our lives such as smart phones, computers, tablets etc. These devices 

contain private information about everybody for example ID information, 

credit card information, passwords of social media accounts. The real life 

hackers first need to sneak into your computer, after that he/she try to deceive 

you. In the end if you are deceived your information’s can be steal. But 

artificial intelligence don’t need to deceive you because their data capacity or 

learning capacity is limitless. Because of that, they can be access everything 

they want and if artificial intelligence do that they can’t be judge because our 

law system is for humans. Therefore, people can lose their money, their 

personal information’s and the best critical problem is we can’t judge them 

with our law system. 

 In what level can todays artificial intelligence do? 

Today’s Artificial Intelligence (robotics) has the intensities to imitate 

human intelligence, performing various tasks that require thinking and 

learning, solve problems and make various decisions. Artificial Intelligence 

software or programs that are inserted into robots, computers, or other related 

systems which them necessary thinking ability [12]. So that Artificial 

intelligence can perform the task without errors. Robotics are also present in 

addition to AI. Artificial intelligence (AI) ability towards effectively 

performing every narrower and cognitive task considerably increases the 

peoples dependence towards the technology [13]. Artificial intelligence (AI) 

tools have the ability to process huge amounts of data by using computers, 

which control them and analyze all the information. Today, this considerably 

increases the threat which makes someone’s ability to extract and analyze data 

in a massive way. Artificial intelligence is the artificial representation of 

human brain which tries to improve their learning process and the main aim is 

mimicking the human brain power. We have to reassure everyone that 

artificial intelligence equal to that of human brain which is unable to be 

created. Till now, we operate only part of our capabilities. As currently, the 

level of knowledge is rapidly developing, it takes only a part of the human 

brain. Human brain consist of approximately 100 trillion of electrically 
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conducting cells or neurons which have the computing power to perform the 

task rapidly and efficiently [14]. 

 AI in Drug Design 

 AI for primary drug screening 

Sorting and Classification of Cells by Image Analysis Using AI  

AI technology has been very successful in recognizing images containing 

distinct objects or features. Recognizing images by traditional visual 

inspection is a very tedious task and becomes very inefficient for the analysis 

of big data. Hence, this is an ideal field for the application of AI-based 

computing technologies. For cell target classification or diagnosis, the AI 

model needs to be trained to rapidly and automatically identify the different 

features of cell types. For example, for the classification of breast cancer cells, 

the images of the cells are separated from the background by varying the 

image contrast. Tamura texture features and wavelet-based texture features are 

then extracted, and principal component analysis (PCA) is used to reduce the 

dimensions of the extracted features. AI-based methodologies are then trained 

to classify different cell types. Among the tested methods, the least-square 

support vector machine (LS-SVM) method, which is based on statistical 

learning theory using regression and classification techniques, shows the 

highest classification accuracy (95.34%) [15]. 

  For cell sorting, AI-based image analysis decision-making needs to 

be sufficiently rapid that the robot has time to accurately separate different cell 

types in the sample. Most modern image-activated cell sorting (IACS) devices 

measure optical, electrical, and mechanical cell properties for highly flexible 

and scalable automation of cell sorting. These instruments allow high-speed 

digital image processing and decision-making within a few tens of 

milliseconds using AI-based convoluted deep neural network algorithms. This 

methodology was tested on high-content sorting of Chlamydomonas 

reinhardtii and human platelets, and showed excellent specificity and 

sensitivity. In addition to cell recognition and classification, AI has recently 

been used for interpretation of computerized electrocardiography (ECG), a 

step that plays a crucial role in clinical diagnosis/treatment workflows. This 

will reduce the time required for manual checking by an experienced 

practitioner. Digital ECG data and algorithmic deep learning (DL) will 

enhance the accuracy and scalability of automated ECG analysis.  
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 AI in secondary drug screening 

1. Artificial Intelligence in Property Prediction 

For a drug discovery process, the clinical candidate molecules must meet 

different criteria. Next to the right potency for the biological target, the 

compound should be selective against undesired targets and also show good 

physicochemical as well as ADMET properties (absorption, distribution, 

metabolism, excretion and toxicity properties). Therefore, compound 

optimization is a multidimensional challenge. Along with the optimization 

process, in-silico prediction methods are used for efficient compound design. 

In particular, several machine learning technologies have been successfully 

used, such as support vector machines (SVM), Random Forests (RF) or 

Bayesian learning. 

One important aspect of the success of machine learning for property 

prediction is access to large datasets, which is a prerequisite for applying AI. 

In a pharmaceutical industry, huge amounts of datasets are collected during 

compound optimization for many different properties. Such large datasets for 

targets and anti-targets are available across different chemical series and are 

systematically used for training machine learning models to drive compound 

optimization. 

DNNs have been widely used in numerous examples for property 

prediction. In these studies a comparison to other machine learning approaches 

has been performed which indicating, that DNNs show comparable or better 

performance than other machine learning approaches, eg. for different 

properties ranging from biological activity prediction, ADMET properties to 

physicochemical parameters [16]. 

QSAR and machine learning models are generally trained for one 

endpoint, although multiple endpoints can be used. DNNs provides the 

possibility to systematically combine predictions for several endpoints as 

multitask learning. Multitask learning can improve prediction quality has been 

shown by several studies, which compared the performance of single task vs. 

multitask models. Increased model performance is observed with multi task 

learning, while it appears to be stronger for certain tasks. A dataset shows an 

improved performance when it shares many active compounds with other 

tasks. The amount of data and the number of tasks are the two were described 

to beneficially influence multitask learning. In industry sized ADME datasets 

favorable effects for multitask learning could be identified, although the 

improvement appears to be highly dataset dependent [17]. 

Potential energies of small organic molecules predicted by Deep learning 
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method replacing a computational demanding quantum chemical calculation 

by a fast machine learning method. In case of large datasets, quantum 

chemically derived DFT potential energies have been calculated and used to 

train deep neuronal nets. The network predict the potential energy, called ANI-

1, even for test molecules with higher molecular weight than the training set 

molecules. Deep learning has been extensively validated for a number of 

different datasets and learning tasks. DNNs show an improved performance 

as compared to well established machine learning technologies. In a large-

scale comparison of different methods, in which the performance of DNNs 

was described as comparable to in-vitro assays. Nevertheless, many of the 

studies are performed retrospectively to show the applicability of deep 

learning architectures for property prediction and to compare the method to 

established machine learning algorithms. Often, public datasets like ChEMBL 

are used. In ChEMBL, biological data are only available for one target 

resulting in a thinly populated matrix, making cross-target learnings a 

significant challenge. DNNs clearly outweigh other machine learning 

approaches, in particular since training and parameter optimization is less 

demanding for many other machine learning methods. A promising 

development involves the self-encoding of the compound description by the 

learning engine, which will offer problem-dependent optimized compound 

descriptions. 

2. Artificial Intelligence for de novo Design 

De novo design was developed approximately 25 years ago aims to 

generate new active molecules without reference compounds. Numerous 

approaches and software solutions have been introduced. But de novo design 

has not seen a widespread use in drug discovery. This is at least partially 

related to the generation of compounds, which are synthetically difficult to 

access. In this field there are some revival recently due to developments in the 

field of artificial intelligence. An interesting approach is the variational auto 

encoder, which consists of two neural networks, an encoder network and a 

decoder network. Chemical structures defined by SMILES representations are 

translated by the encoder network into a real-value continuous vector as a 

latent space. The decoder part is able to translate vectors from that latent space 

into chemical structures. This characteristic was used to search for optimal 

solutions in latent space by an in-silico model and to back translate these 

vectors into real molecules by the decoder network. For most of the back 

translations one molecule dominates, but slight structural modifications exist 

with smaller probability. They used the latent space representation to train a 

model based on the QED drug-likeness score and the synthetic accessibility 
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score SAS. Molecules with improved target properties could be obtained. The 

performance of such a variational auto encoder was compared to an 

adversarial auto encoder. The adversarial auto encoder consists of a generative 

model producing novel chemical structures. A second discriminative 

adversarial model is trained to find apart real molecules from generated ones, 

while the generative model tries to fool the discriminative one. The adversarial 

auto encoder produced significantly more valid structures than the variational 

auto encoder in generation mode. Along with an in-silico model novel 

structures predicted to be active against the dopamine receptor type 2. A 

generative adversarial network (GAN) used to suggest compounds with 

putative anticancer properties. 

Recursive neural networks (RNN) have also been successfully used for 

de novo design. Originally, they have been established in the area of natural 

language processing. This approach was also successfully used for the 

generation of novel peptide structures. Reinforcement learning was applied to 

bias the generated compounds towards desired properties. Transfer learning 

was also used to generate novel chemical structures with a desired biological 

activity. The novel chemical space explored by these methods with the 

property distribution of the generated molecules being similar to the training 

space. The first prospective application for this methodology was successful 

with 4 out of 5 molecules showing the desired activity [18]. Nevertheless, more 

experience need to be gained with respect to the size of the sampled chemical 

space and chemical feasibility of the proposed molecules. 

3. Artificial Intelligence for Synthesis Planning 

Organic synthesis is a critical part of small molecule drug discovery 

program. Along with the compound optimization path new molecules are 

synthesized and to identify molecules with improved properties. In some 

situations, synthetic challenges restrict the available chemical space available 

for design of molecules. Therefore synthesis planning is a main discipline in 

drug discovery. Based on this, numerous computational approaches have been 

developed to assist synthesis planning. Three different features can be 

distinguished: prediction of the outcome of a reaction with a given set of 

educts, prediction of the yield of a chemical reactions as well as retrosynthetic 

planning. Retrosynthetic planning is prevailed by knowledge-based systems, 

which are built on expert-derived rules or automatically extracted rules from 

reaction databases. 

Artificial intelligence has also described for retrosynthetic analysis. 

Sequence-to-sequence based model used for retrosynthetic reaction 
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prediction. Reactants and products are coded by SMILES strings for RNNs 

and coupled to each other in an encoder-decoder architecture. These training 

allow spans 10 broad reaction types such as C-C bond formation, reductions, 

oxidations, heteroatom alkylation etc. and comprises 50,000 reactions. The 

performance of the technology overall was comparable to rule-based expert 

systems, but large differences have been observed over different reaction 

classes [19]. Different approach recommender systems have been used to 

identify reactants which yields a desired product in combination with a 

chemical reaction graph. Nevertheless, AUCs obtained in the validation 

indicated, that further improvement needs to be done. 

 Machine learning-based approaches can develop huge datasets, in which 

humans cannot handle in an unbiased manner. For synthesis planning, the 

combination of knowledge-based and machine learning based approaches 

used for prediction of chemical reactions. The purely machine-based approach 

capitalizing on a large reaction database shows an excellent performance. 

Nevertheless, one limitation remains for in-silico tools, is the capability to 

propose and to develop novel chemical reactions. Here, a detailed analysis is 

needed and will rely on the use of quantum chemical methods in the future. 

4. Predicting Drug–Protein Interactions 

 QM or QM/molecular mechanics (MM) hybrid methods are useful for 

predicting protein–ligand (drug) interactions in drug discovery. These 

methods consider quantum effects for the simulated system (or the region of 

interest in the case of QM/MM) at the atomic level, therefore offering much 

better accuracy than classical MM methods. Because MM methods only apply 

simple energy functions based on atomic coordinates, the time-cost for QM-

based methods is much larger than for MM methods [20]. The application of AI 

methods to QM calculations involves a tradeoff between the accuracy of QM 

and the favorable time-cost of MM models. AI models have been trained to 

reproduce QM energies from atomic coordinates, and can calculate speed of 

MM methods. AI is principally applied to atomic simulations and predictions 

of electrical properties, whereas DL has been used to predict the potential 

energies of small molecules, thereby replacing computationally demanding 

quantum chemistry calculations by a fast ML method. In case of large datasets, 

quantum chemistry-derived DFT (density functional theory) potential 

energies have been calculated and used to train DNNs. For example, in a study 

of two million elpasolite crystals, the accuracy of a ML model improved with 

increasing sample size and reached 0.1 eV/atom for DFT formation energies 

trained on 10000 structures. The model was then used for screening 

compositional alternatives for various properties. 
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 AI Application in Drug Development 

The tasks of finding successful new drugs is daunting and predominantly 

the most difficult part of drug development. This is caused by the vast size of 

what is known as chemical space, which is estimated to be in the order of 1060 

molecules. The technologies that incorporate AI have become versatile tools 

that can be applied ubiquitously in various stages of drug development, such 

as identification and validation of drug targets, designing of new drugs, drug 

repurposing, improving the R&D efficiency, aggregating and analysing 

biomedicine information and refining the decision-making process to recruit 

patients for clinical trials. These potential uses of AI provide the opportunity 

to counter the inefficiencies and uncertainties that arise in the classical drug 

development methods while minimising bias and human intervention in the 

process [21]. 

The other uses of AI in drug development include the prediction of 

feasible synthetic routes for drug-like molecules, pharmacological properties, 

protein characteristics as well as efficacy, drug combination and drug–target 

association and drug repurposing. Also, the identification of new pathways 

and targets using omics analysis becomes possible via the generation of novel 

biomarkers and therapeutic targets, personalised medicine based on omics 

markers and discovering the connections between drugs and diseases. DL has 

demonstrated outstanding success in proposing potent drug candidates and 

accurately predicting their properties and the possible toxicity risks. 

Circumventing past problems in drug development – such as analysis of large 

datasets, laborious screening of compounds while minimising standard error, 

requiring large amounts of R&D cost and time of over US$2.5 billion and a 

more than a decade – are now possible using AI methods. With AI technology, 

new studies can be carried out in assisting the identification of new drug 

targets, rational drug designing and drug repurposing.  

a. AI in understanding the pathway or finding molecular targets 

In drug development, AI has transformed the methods of pathway or 

target identification to treat diseases. This was possible owing to the 

incorporation of genomics information, biochemical attributes and target 

tractability. One study determined the plausibility of predicting therapeutic 

targets using a computational prediction application known as ‘Open Targets’ 

– a platform consisting of gene–disease association data – and it was reported 

that animal models exhibiting a disease-relevant phenotype with a neural 

network classifier of >71% accuracy provided the most predictive power. The 

application of AI in the process of drug development is proposed. IBM Watson 
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for Drug Discovery, an AI platform, has identified five new RNA-binding 

proteins (RBPs) linked to pathogenesis of a neurodegenerative disease known 

as amyotrophic lateral sclerosis (ALS).  

b. AI in finding the hit or lead 

The implementation of AI in the discovery of small drug-like molecules 

concerns the utilisation of chemical space. Chemical space provides the stage 

for identifying novel and high-quality molecules because it is possible to 

computationally enumerate the probable organic molecules. Additionally, ML 

techniques and predictive model software also contribute to the identification 

of target-specific virtual molecules and association of the molecules with their 

respective target while optimising the safety and efficacy attributes. 

AI systems can reduce the attrition rates and the R&D expenditure by 

decreasing the number of synthesised compounds that are subsequently tested 

in either in vitro or in vivo systems. A variety of in silico techniques for profile 

selection such as virtual ligand or structure-based design approaches can be 

used with the available data on small-molecule modulator probes or their 

structural biology. DL becomes useful in instances where structural data are 

insufficient. Thus, phenotypic data or disease, biology or molecule network-

based algorithms can be used. The validated AI techniques can be used to 

increase the success rates in drug development, whereas the AI techniques that 

are in development must be validated before applying to the drug development 

process. The most crucial part in the drug development process is the synthesis 

of chosen molecules. Thus, AI is valuable owing to its ability to prioritise 

molecules based on the ease of synthesis or develop tools that are effective for 

the optimal synthetic route. 

c. AI in synthesis of drug-like compounds 

  Currently, several computer aided organic compound synthesis 

(CAOCS) systems are available to assist chemists in selecting the synthesis 

route; however, it is not a component of the computer-aided drug discovery 

(CADD) workflow. 

d. Predicting the mode-of-action of compounds using AI 

The prospect of having an AI platform that can predict the on- and off-

target effects and in vivo safety profile of compounds before they are 

synthesised excites those involved in the drug development process – 

particularly medicinal chemists. The availability of such platforms reduces the 

drug development time, R&D costs and attrition rates. A few examples of such 

platforms are Deep Tox (predicts toxicity of new compounds) and PrOCTOR 
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(predicts the probability of toxicity in clinical trials) [22]. The predictive 

accuracy of these platforms could be improved if a bigger and refined dataset 

on toxicity and therapeutic profile of a varied set of compounds is made 

available. However, this can only be achieved if there is a willingness to share 

data among the industry. 

e. AI in selection of a population for clinical trials 

An ideal AI tool to assist in clinical trials should recognise the disease in 

patients, identify the gene targets and predict the effect of the molecule 

designed as well as the on- and off-target effects. A novel AI platform called 

AiCure was also developed as a mobile application to measure medication 

adherence in a Phase II trial of subjects suffering from schizophrenia, AiCure 

increased adherence 25% compared with the traditional ‘modified directly 

observed therapy’. Patient selection for a clinical trial is a crucial process. 

Interrogating the relationship between human-relevant biomarkers and in vitro 

phenotypes affords a more predictable, quantifiable assessment of the 

uncertainty of therapeutic responses in a specific patient. The development of 

AI approaches to identify and predict human-relevant biomarkers of disease 

allows the recruitment of a specific patient population in Phase II and III 

clinical trials. The AI predictive modelling in selection of a patient population 

would increase the success rate in clinical trials. 

f. AI in drug repurposing 

With AI, the drug repurposing process becomes more attractive and 

pragmatic. The concept of applying an existing therapeutic to a new disease is 

advantageous because the new drug is qualified go directly to Phase II trials 

for a different indication without having to pass through Phase I clinical trials 

and toxicology testing again. In silico methods predicting pharmacological 

properties of drug and drug repurposing using transcriptomic data comprising 

various biological systems and conditions through DL applications were 

reported. The methods described are based on high-level representations of 

data utilising deep neural networks (DNNs), which is essentially a highly 

adaptive multilayer system comprising connected and interacting artificial 

neurons that perform various data transformation. In a study it was 

demonstrated that DNNs could classify complex drug action mechanisms on 

the pathway level, thus classifying drugs into therapeutic categories according 

to their functional class, efficacy, therapeutic use and toxicity. Additionally, 

the advances in precision medicine have resulted in the creation of next-

generation AI that offers the ability to design drug molecules from the 

generative adversarial networks (GANs) [23]. GANs are an astounding 
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technology that uses DL to produce photo-realistic pictures from text 

descriptions. Thus, this platform can perform remarkable tasks beyond 

analysing data, such as imagining or creating new data modelled on real data. 

Essentially, the GAN technique is an adversarial game between two DNNs 

where, principally, one DNN evaluates the output of the other iteratively and, 

in that adversarial game, the two networks learn how to generate more perfect 

molecules. 

g. AI in polypharmacology 

Currently, the ‘one-disease–multiple-targets’ paradigm dominates over 

the ‘one-disease–one-target’ paradigm because of deeper understanding of 

pathological processes in diseases at the molecular level. One-disease–

multiple-targets is termed polypharmacology. Many databases, such as ZINC, 

PubChem, Ligand Expo, KEGG, ChEMBL, Drug Bank, STITCH, Binding 

DB, Super target, PDB, among others, are available to integrate diverse 

information of molecular pathways, crystal structures, binding affinities, drug 

targets, disease relevance, chemical properties and biological activities. AI 

could be used to probe these databases to design polypharmacological agents.  

AI with pharmaceutical industry for drug develpoment 

With the rapid introduction of AI in healthcare, especially in the years 

2016 and 2017, numerous pharmaceutical companies have made investments 

in and have joint ventures with AI companies in the hopes of developing better 

healthcare tools. These include the improvements in diagnostics or biomarkers 

and the identification of drug targets and designing new drugs. The transition 

from general medicine to modern AI healthcare focuses on the basis of the 

data. The analyses of these underlying data coupled with ML or DL are 

subsequently formulated into algorithms – thereby strongly contributing to 

progressive modern healthcare that incorporates AI. Thus, numerous 

partnerships between pharmaceutical industries and AI companies were 

recently developed on a global scale. For instance, DeepMind Technologies, 

a subsidiary of Google, collaborated with Royal Free London NHS 

Foundation Trust to assist in the management of acute kidney injury [24]. 

 Exscientia is an AI company that specialises in phenotypic drug 

discovery. Human analysis of extremely complicated datasets for high-content 

phenotypic drug discovery is outperformed by AI by a large margin. The ease 

in rapidly evolving drug designs is achievable through the testing of each 

newly designed compound and then comparing it with its anticipated 

performance and other molecules. Another notable AI start-up is Numerate. 

Numerate focuses on ligand chemistry, ADMET and combinatorial ML with 
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classical approaches, giving emphasis on the transformation of new medicine 

discovery by filling significant therapeutic gaps through analysing large 

datasets pertaining to drug development by applying algorithms. 

A healthy spread of such partnerships covering various research areas, 

such as the identification of novel small molecules, the discovery of new 

treatment methods, monitoring the health data via wearable technologies, 

among others. These advances are forecasted to serve as contributing factors 

to the betterment of healthcare services, improvement in terms of efficiency 

in clinical trials, enhancement in stratified medicine and more. Presently, up 

to US$3 billion over the course of 15 years will be spent to bring a new drug 

to market. This trend is unsustainable and a change is inevitable because 

consumers are not willing to pay more for medicines and for the cost of the 

failures. Thus, a change in the business model is necessary, and AI offers such 

opportunity. These collaborations demonstrate the importance of AI 

technology in allowing us to explore a much bigger design space and discover 

rare molecules that have properties, which is beyond the conventional finds if 

we relied solely on traditional HTS [25] 
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 Virtual screening to discover targeted lead compounds[26-29] 

Virtual screening technology is the core of CADD. Based on the 3D 

structure or the quantitative structure–activity relationship model of the target 

bio macromolecules, the theory of molecular biology and computer science 

and other related fields is used as a technical basis to select the compounds 

that meet the expectations from the known small-molecule databases. Then, 

one or more experimental methods are selected for targeted drug screening for 

specific diseases. In the pharmaceutical world, virtual screening is often 

considered as a top CADD tool to screen large chemical structural libraries 

and reduce them to a set of candidate compounds related to specific protein 

targets. At present, virtual screening has been regarded as a materialized tool, 

widely recognized in search for lead compounds and the enhancement of 

compound activity. 

Virtual filtering process mainly include the following: 

►► Target selection: This is the first step in virtual screening, and this 

step is crucial. Small molecular compounds target four large molecules: 

proteins, polysaccharides, lipids and nucleic acids. Proteins such as enzymes, 

ion channels and GPCR (G Protein-coupled Receptor) are often preferred as 

potential drug targets because they are highly specific and less toxic, such as 

the discovery of heat shock protein (Hsp90) inhibitors, the discovery of a 

selective inhibitor of Aurora A, the discovery of TASK-3 (KCNK9) channel 

blockers, the virtual screening for GPCR drug screening and so on. 

►► Prepare the compound database: Before starting a new virtual 

screening, we need to collect all the compound structures for a specific drug 

target. In recent years, a number of compound databases have been developed 

which store not only the structure of the compound molecules, but also many 

chemical and biological information, such as ZINC, PubChem and others. 

►► Docking software: Currently popular molecular docking software 

are Dock, Auto Dock, MolDock, Maestro and so on. These software are 

available for use and are easy to operate, but when the number of compounds 

involved in docking is too large (eg, 1 million), large-scale molecular docking 

methods and strategies need to be adopted. Linux-based virtual docking 

always plays an important role when we perform high-throughput docking. 

►► Scoring system: Molecular docking is a computational method that 

predicts the preferred position of a molecule (ligand) relative to a second 

molecule (receptor) when the two molecules combine to form a stable 

complex, and then predict the binding strength or binding affinity between the 

receptor and the ligand. There are two main types of docking: rigid docking 
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and flexible docking. In rigid docking, the receptor and ligand are immobilized 

so that the bond angle and bond length are constant. This docking speed is 

very fast, but lacks practical application because flexible docking allows for 

conformational transformation. In flexible docking, the conformation of the 

ligand and acceptor can be converted at will during the calculation. This 

docking method requires relatively high computing power, but it can most 

accurately calculate the docking results and is suitable for the accurate 

investigation of the identification between molecules. Based on the position 

and binding energy, a docking score will be calculated. 

►► Biological experiment verification: The candidate compounds of 

highest docking score are verified by both in vitro and in vivo biological 

experiments. 

►► Clinical study: once all preclinical studies of these candidate 

compounds are proved to be effective, clinical studies will be performed on 

candidate compounds to determine their safety and effectiveness on patients. 

 Identification of ligand-binding pocket on the 3d protein model 

The interaction between protein and ligand usually occurs in a pocket 

formed by conserved amino acids. The protein function relies on the ligand-

binding site on its 3D structure. The identification of the binding pocket helps 

to discover new drugs and better understand the mechanism of actions of 

drugs, such as the discovery of a conservative pocket of the guanylate cyclase 

heme domain. In the general molecular docking calculation, an indispensable 

step is to define the binding position of the ligand molecule, that is, its binding 

pocket. If the binding site is known, the ligand type and protein function can 

be determined by computer and experimental procedures, and can be used in 

drug design and to predict potential side effects. Bioinformatics is a cross-

disciplinary discipline that solves biological problems through the use of 

computer, mathematical and statistical methods. The determination of binding 

pockets is very important for designing drugs. Traditional X-ray 

crystallography and nuclear magnetic resonance methods predict large 

amounts of protein structures that are time-consuming and expensive, but 

bioinformatics provides different tools to predict the 3D structure of proteins 

and reveal their binding regions. Its application is very promising, such as the 

identification of conserved binding pockets in ricin A chain, RASSF2 

potential binding pocket prediction and so on.  

There are two ways to find a pocket combination: 

1. Proteins with known 3D structures can be searched from the PDB 

database, and related information can be downloaded directly from 
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the database;  

2. Method of homology modelling, using I-TASSER, Swiss Model, 

Mod Web and other online servers based on homologous modelling 

to generate protein 3D structure, as well as to predict the ligand-

binding pocket, for example, prediction of serotonin 1A receptor 

binding pocket. 

 

 Discovery of targeted lead compounds for a novel drug target 

The drug target is a special site formed by biomolecules, and the drug can 

be combined with it to produce pharmacological effects (targeted 

agonist/inhibitor) for the purpose of preventing and treating diseases. 

According to the biological characteristics of biomolecules, drug targets can 

be classified into receptors, enzymes, ion channels, DNA, hormones and 

growth factors. The research and development (R&D) of new drug is a work 

with high investment and low yield. The discovery and confirmation of drug 

target is the first step of the R&D of a new drug. However, the number of 

clinically validated drug targets is still very small, so there is an urgent need 

to discover more new drug targets. With the development of life science and 

bioinformatics, more and more target structures have been analyzed. Different 

from traditional drug research methods, big data mining is widely used in drug 

target research, such as using genetic algorithm and bagging-svm ensemble 

classifier to predict drug targets, mining and forecasting cancer-related 

database, and using genetic disease-related data to predict novel therapeutic 

targets by computational data mining methods. The human genome database 

shows that there are more than 20 000 proteins in the human body, while the 

Drug- Bank database indicates only about 500 have been identified in the past 

100 years. Therefore, there are many potential targets to be discovered and 

confirmed. Thanks to structure biologists, a lot of new biological processes 

mediated by protein–protein interaction, protein–DNA interaction and 

protein–RNA interaction have been discovered. These above proteins may 

probably serve as potential novel drug targets in the near future. The 

information of the drug target database can be used to analyze the sequence 

characteristics and biochemical characteristics of structural features, and to 

establish a prediction model to discover new drug targets. Therefore, we set 

up a set of novel methods for potential cancer-related drug target discovery, 

such as the following procedures:  

1. TCGA and Human Protein Atlas databases were used to mine the 

data of targets related to prediction of cancer prognosis in the 

database.  
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2. Then use the computer to correlate with known cancer prognosis-

related targets and score according to the correlation strength. 

3. Then review the research progress of the target according to the score 

table and explore the 3D structural information of the drug target in 

the PDB database.  

4. According to the integrated information, select the appropriate 

targets for further biological verification.  

After successful verification of the novel therapeutic targets in vitro and 

in vivo, the virtual screening molecular docking-based drug screening can be 

performed according to the novel targets. This process has greatly reduced the 

time and cost compared with traditional drug development. In the past few 

years, discovered 73 novel compounds as well as 12 FDA-approved drugs 

targeting more than 30 potential novel therapeutic targets. Moreover, four 

FDA-approved Drugs will be used for clinical trial tests to cure multiple 

sclerosis in the near future. 

 Reverse docking done to find drug targets of an old drug 

Drug repositioning, is also known as drug repurposing, defines new 

indications for existing drugs and can be used as an alternative to drug 

development. The advantages of repositioning are the availability of chemical 

materials and previously generated data, so that the potential for R&D is 

significantly greater than the time required and cost of bringing new drugs to 

market. In meta-analysis, a study showed the class III antiarrhythmic 

amiodarone was active in neurodegeneration assays and could also selectively 

remove embryonic stem cells, and that the antipsychotic trifluoperazine was 

active in neurodegeneration assays. Apart from traditional molecular docking, 

reverse docking is used for identifying receptors for a given ligand among a 

large number of crystal structures. Generally, the following steps are required 

to perform a drug repositioning by reverse docking (drug repositioning): 

1. Data set collection; 

2. Data set partition;  

3. Molecular descriptor calculation and modelling;  

4. Ensemble learning; 

5. Retrospective screening campaigns;  

6. Building positivity predictive value surfaces and choosing an 

adequate score threshold value; 

7. Prospective virtual screening; 

8. Molecular docking;  

9. Reverse docking scoring. 
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The results of the reverse docking were then verified by biological 

experiments. There are reports that they have implemented a computer-aided 

drug repurposing campaign to discover new inhibitors of falcipain-2. Four hits 

were acquired and tested against the enzyme, among that two of them 

confirming inhibitory activity. The dropped drug odanacatib show 

competitive inhibition, while the antibiotic methacycline showed inhibitory 

effects through non-competitive inhibition. Therefore, it is feasible to find the 

target of the old drug through reverse docking. This method saves a lot of time 

and can reduce many experimental costs and experimental steps. In the past 

few years, discovered 13 new targets for eight FDA-approved drugs by this. 

 

Schematic procedure of artificial intelligence (AI)-assisted virtual screening 

Millions of structurally diverse chemical compounds are docked to a 

specific therapeutic target. AI scoring function is used to select the best hits 

from millions of docked results. Reverse-docking the old drugs to all ligand-

binded structures extracted from PDB (>100 000 proteins;). 

The new indications and adverse effects of these old drugs have been 

revealed through biological verification for those reverse-docked targets. 

 AI for the prediction of a compound’s admet 

The ADMET of chemicals plays a key role in drug discovery and 

development. High-quality drug candidates should not only have sufficient 

efficacy for the treatment target, but should also display appropriate ADMET 

characteristics at the therapeutic dose. Moreover, ADMET’s predictions not 
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only reduce the risk of late-stage attrition of new compounds and compound 

libraries but also help researchers optimize screening and testing by looking 

at only the most promising compounds. Just relying on biological experiments 

to verify the ADMET of a compound is a waste not only of time but also a lot 

of human and material resources. With the increase in computer speed and the 

implementation of quantum chemistry methodology, pharmacodynamic and 

pharmacokinetic issues have become computationally easier to handle. 

Quantum mechanics helps to study pharmacokinetic problems at the 

molecular level prior to laboratory preparation and testing. In order to realize 

ADMET for predicting compounds by computer, we need to do a lot of work 

in the early stage:  

1. Data collection and preparation (this is a crucial step); 

2. calculate ADMET-related properties based on the collected data; 

3. Definition of the ADMET score;  

4. Validation of the ADMET score. 

Although it is not guaranteed that the predicted results are completely 

consistent with the later experimental results, the introduction of AI can 

reduce many unnecessary troubles for later research. Machine learning 

(including AI) methods are accompanied by verification procedures in many 

cases and are often used in conjunction with other methods. Therefore, this 

makes them an excellent and attractive hybrid tool for reducing false 

predictions and model errors. 

 

Schematic procedure of artificial intelligence (AI)-assisted reverse docking 
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More than 100 000 structurally diverse protein structures are reversely docked 

to a specific chemical compound/natural product. AI scoring function is used 

to select the best hits from millions of docked results. 

In the past few years, several new ADMET prediction tools based on deep 

learning AI was developed, such as prediction for logBB and logPapp to 

calculate the overall ADMET properties of a specific compound. Toxicity of 

a compound is very difficult to predict, mainly because it depends not only on 

its own chemical structure but also its direct actions on the target proteins. 

Hence, we collected all FDA-approved/ withdrawn drugs to perform batch 

reverse docking with all ligand-binded structures extracted from PDB. Every 

docked target of each drug was scored and each drug can be considered as an 

N-dimensional vector in an N-dimensional space. Therefore, FDA-approved/ 

withdrawn drugs can be referred as training data set to predict the toxicity of 

any given compounds. 

 Mining cancer data base to discover novel therapeutic drug targets 

Targeted drug design has become a hot topic because it is one of the key 

technologies for the discovery of therapeutic drugs. However, it is very 

difficult to find new drug targets through traditional experiments and methods 

and it is often difficult to achieve the desired results. Therefore, bioinformatics 

technology can be used to discover and identify new drug targets by mining 

cancer database. With the complete information of cancer genome/ 

transcriptome sequencing accumulated in recent years, a variety of publicly 

available biological databases have provided us with a multidisciplinary 

goldmine of big data; especially the cancer genomic/transcriptomic/ 

proteomic research has taken a big step forward. TCGA is a project jointly 

supervised by the National Cancer Institute and the National Human Genome 

Research Institute. It aims to use high-throughput genome analysis technology 

to help people to better understand the occurrence and development of cancer, 

in order to achieve the purpose of prevention, diagnosis and treatment. For 

example, as of 2012, the genomes and epigenetic groups of lung squamous 

cell carcinoma have not been fully elucidated, but through the genomic and 

epigenetic analyses of about 180 lung SQCCs (Squamous Cell Carcinoma), 

TCGA has successfully screened out molecular targeting drugs for SQCC.  
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AI-assisted ADMET properties prediction. (A) Deep learning algorithm to calculate 

logBB for a specific chemical compound. (B) Deep learning algorithm to calculate 

logPapp for a specific chemical compound. (C) PCA (Principal Component Analysis) 

analysis on 48 186 reverse-docked proteins for 55 FDA-approved drugs (yellow dots) 

and 224 FDA-withdrawn drugs (blue dots). (D) PLS-DA (Partial Least Squares 

Discriminant Analysis) analysis on 48 186 reverse-docked proteins for 55 FDA-

approved drugs (blue dots) and 224 FDA-withdrawn drugs (yellow dots). 

ADMET, absorption, distribution, metabolism, excretion and toxicity; 

AI, artificial intelligence; FDA, Food and Drug Administration; TPSA, total 

polar surface area for ovarian serous cystadenocarcinoma, which is not 

optimistic in diagnosis and treatment at present, some potential therapeutic 

targets have been found through the comprehensive analysis of ovarian serous 

cystadenocarcinoma with higher grade by TCGA. In this way, the mining of 

the cancer database plays an important role in finding new therapeutic 

druggable targets. By mining TCGA and THPA, our lab has discovered more 

than 10 potential novel therapeutic targets in various cancers, such as 

pancreatic cancer, lung cancer, triple negative breast cancer, colorectal cancer 

and so on, as well as their targeted compounds recently. For other diseases 

(such as stroke, cardiovascular diseases, neurological diseases and so on), 

there is no such intact database for the data mining to discover novel 

therapeutic targets. However, single cell transcriptomic sequencing data have 

been accumulated rapidly in the recent years, and these data will be helpful 

for new therapeutic target discovery in the near future. 
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 Animal models and their limitations 

In order to study the physiological and biochemical processes of human 

diseases and to explore the pharmacodynamics and pharmacokinetics of drugs 

in vivo, many animal models of various diseases have been introduced to 

preclinical studies. The most popular animal models are mouse, rat and 

monkey. Particularly, specific genes knock-out/ knock-in mouse models have 

revolutionized our ability to study specific gene and protein functions in vivo 

and to better understand their molecular pathways and mechanisms. 

Although there are animal models used as powerful support for modern 

medical research in preclinical studies of many diseases, the new drug therapy 

is still difficult to convert from laboratory to clinical, because it is not feasible 

to mimic all aspects of a human disease in an animal model, especially a 

heterogeneous disease with complex pathophysiology such as stroke, and 

most of its studies are carried out in young animals without any complications. 

These models are physiologically different from real stroke, which especially 

affects the elderly with a variety of cerebrovascular risk factors. Therefore, in 

stroke studies, more than 1000 drugs were candidates in stroke models, but 

only 17 were tested in humans. Recently, many Alzheimer’s disease (AD) 

candidate drugs have shown great effects in mouse models but all failed during 

clinical trials. Perhaps this is because the tissues, organs and systems of 

animals are always different from those of human beings, and their reactions 

and effects to drugs are also different. An animal model cannot involve all 

aspects of a human disease. The age, sex and species of animals, tissue and 

organ damage, or the increase, deletion and change of genes caused by the 

establishment of animal models may have a significant impact on the 

experimental results. Furthermore, another big problem of an animal model is 

the genetic difference between the animal protein and human protein. 

According to ENSEMBL genome database, orthologous genes have been 

analyzed in human, chimpanzee, mouse and rat. Surprisingly, there are only 

7043 orthologous genes (single copy common genes) shared in these four 

species. For chimpanzee and human, a set of 13 454 pairs of human and 

chimpanzee genes with unambiguous 1:1 orthology have been identified. 

In humans and chimpanzee the orthologous proteins are similar, with ~ 

29% are identical and the typical orthologue differ by two amino acids, one 

per lineage. Compared with ~25 000 genes in each of these four species, 7043 

orthologous genes are ~28%, which means the other ~72% expressed non-

orthologous proteins in these four species are very different in their protein 

sequences. Even if humans and chimpanzees are considered as the closest 

primate relatives in the animal kingdom, only 13 454 pairs of orthologue genes 
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are identified consisting ~50% of their own expressed genes, which means the 

other ~50% expressed non-orthologous proteins are very different in their 

amino acid sequences. Taken together this above genetic evidence, it is very 

clear that if the drug target of the animal model is structurally different from 

the one of human, drugs targeting the animal protein will perform a 

significantly different effect between animal experiment and clinical 

experiment. The interaction between drug and its target is caused by hydrogen 

bonds, Van der Waals force and π-π interaction, which are exerting their 

interactive forces within less than 4 Angstrom. One or two amino acid 

mutations within the binding pocket of the drug target can make a big 

difference. 

Cancer-targeted drugs are much more successful compared with targeted 

drugs developing for stroke and AD. Perhaps there are two major reasons. 

First, in the field of cancer-targeted drug R&D, there are a lot of mouse models 

carrying humanized genes (such as mouse carrying humanized immune 

system) to mimic the human immunity system. Second, patient-derived 

xenograft models (mouse carrying clinical human cancer tissue) have been 

widely introduced in the preclinical studies of cancer-targeted drugs. For 

stroke, AD and rare diseases, similar humanized animal models carrying 

human drug target protein must also be introduced in the preclinical studies in 

the near future. 

 Artificial Intelligence and Big Data 

Facilitated Targeted Drug Discovery [25] 

Traditionally, the discovery of novel targeted drugs is an expensive long-

term progress, costing billions of US dollars and more than 10 years. In the 

very beginning, a therapeutic drug target must be identified by traditional 

experimental methods. Then, structural biologists come to decipher the three-

dimensional (3D) structures as well as their ligand-binding characteristics to 

reveal whether this is a druggable target. Subsequently, medicinal chemists 

and pharmacologists use high-throughput screening to find several highly 

effective lead compounds for further safety assessment as well as clinical 

trials. In general, the above procedures are costly and tedious. In November 

2018, a study was conducted to estimate the total cost of trials for the 

development of novel Food and Drug Administration (FDA)-approved drugs. 

Surprisingly, the average cost of efficacy trials for the 59 new drugs approved 

by the FDA during 2015–2016 was $19 million. Therefore, it is necessary to 

overcome the limitations of the conventional drug discovery procedures by 

introducing efficient, low-cost and computational methods. Compared with 
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traditional drug discovery methods, rational drug design, mainly including 

computer-aided drug design (CADD), is more efficient and economical. 

Rational drug design integrates molecular docking to the ligand-binding 

pocket of a promising therapeutic target, computes the binding energy of each 

docked small molecule compound, and selectively chooses the best ones as 

candidates for subsequent experimental procedures. Today, there are more 

than 100 000 protein 3D structures deposited in Protein Data Bank (PDB) for 

molecular docking. In contrast to traditional methods, rational drug design has 

boosted the hit rate of drug screening by more than 100 times, from ~0.01% 

to 1%~2%. Moreover, CADD is a more multidiscipline method which 

integrates advanced bioinformatics techniques and sophisticated 

computational algorithms. Due to its relatively high hit rates, CADD method 

is becoming the fundamental basis of industrial drug discovery as well as 

academic research. Cancer-targeted drugs are the most successful drugs for 

the last three decades. A lot of cancer-related proteins have been identified as 

therapeutic targets by computational data mining of transcriptome data in 

databases such as The Cancer Genome Atlas (TCGA), The Human Protein 

Atlas (THPA) and so on. Unfortunately for other diseases, such as stroke, 

vascular-related diseases and other genetic diseases, there are no similar 

integrated omics databases to provide sufficient big data. However, there are 

increasingly more single cell transcriptome data of various diseases publicly 

available. Thus, such data will be precious goldmines in terms of the discovery 

of therapeutic targets for stroke, vascular-related diseases and other genetic 

diseases. Moreover, supercomputers are speeding up lead identification and 

evaluation.  

Artificial Intelligence in Pharmaceutical Product Formulation: Neural 

Computing [30-35] 

The development of a commercial product, like a capsule, tablet or oral 

liquid or a controlled release formulation (e.g. an implant), is always a time-

consuming and complicated process. The primary formulation consist of one 

or more drugs mixed with various ingredients (excipients) is prepared, and, as 

development progresses, the choice of these and their levels, and the process 

of manufacturing, are changed and optimized as a result of intensive, time 

consuming experimentation. These iterations, in turn, result in the generation 

of large amounts of data, the processing and understanding of which is 

challenging. In reality, the formulator has to work in a design space that is 

multi-dimensional and virtually impossible to conceptualize. The advantage 

of this method are generating clearly expressed models with associated 

confidence factors. However, for more than three or four inputs, statistical 
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approaches rapidly become unwieldy, so that the formulator is tempted to 

oversimplify the problem (for example, restricting a study to three input 

variables) in order to model it. Statistics also often require the assumption of 

a functional form (for example, linearity) in order to generate a model and 

such assumptions can be inappropriate for complex tasks like formulation. In 

recent years, it has been shown that neural networks can provide an alternative 

approach. 

 Neural networks are mathematical constructs, capable of “learning” 

relationships within data, with no prior knowledge required from the user. The 

neural network made no assumptions about the functional form of the 

relationships; it generates and assesses a range of models to determine one that 

will best fit the experimental data provided to it. As such, increasingly, 

artificial neural networks (often referred to as ANNs) are used to model a 

complex behavior in problems like pharmaceuticals formulation and 

processing. The models generated by neural networks allow “what if” 

possibilities to be investigated easily manner. However, their capabilities are 

enhanced substantially by combining them with other technologies. For 

example, optimization process done by using genetic algorithm, along with 

neural networks models, proved to be exceptionally powerful when the 

formulator must develop a formulation to meet stringent, often conflicting, 

objectives. The objectives for the optimization can easily and intuitively be 

defined by another artificial intelligence technology, fuzzy logic. Fuzzy logic 

is valuable when conflicting properties (for example, hard tablets that 

disintegrate quickly) are desired. Efforts have been made to integrate the 

technologies, creating new methodologies like neuro fuzzy logic, which 

combines the ability of neural networks to “learn” from data, with fuzzy 

logic’s capacity to express complex concepts in a simple fashion. These 

techniques are capable of “mining” the information directly from data, 

presenting it in the form of easy to understand, actionable rules that can guide 

the formulator’s future work. 

 Neural Networks 

 Neural networks learn directly from input data. The learning algorithms 

take two main forms. Unsupervised learning, where the network is presented 

with input data and learns to recognize patterns in the data, is useful for 

organizing amounts of data into a smaller number of clusters. For supervised 

learning, which is analogous to “teaching” the network, the network is 

presented with a series of matching input and output examples, and it learns 

the relationships connecting the inputs to the outputs. Supervised learning has 

proved most useful for the formulation, where the goal is to determine cause-
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and effect links between inputs (ingredients and processing conditions) and 

outputs (measured properties). The basic component of the neural network is 

the neuron, a simple mathematical processing unit that takes one or more 

inputs and produces an output. In neuron, every input has an associated weight 

that defines its relative importance, and the neuron simply computes the 

weighted sum of all the outputs and calculates an output. This is then modified 

by means of a transformation function (sometimes called a transfer or 

activation function) before being forwarded to another neuron. This simple 

processing unit is known as a perceptron, a feed-forward system in which the 

transfer of data is in the forward direction, from inputs to outputs, only. A 

neural network consists of many neurons organized into a structure called the 

network architecture. Although there are many possible network architectures, 

one of the most popular and successful is the multilayer perceptron (MLP) 

network. This consists of identical neurons all interconnected and organized 

in layers, with those in one layer connected to those in the next layer so that 

the outputs in one layer become the inputs in the subsequent layer. Data flow 

into the network via the input layer, pass through one or more hidden layers, 

and finally exit via the output layer. In theory, any number of hidden layers 

may be added, but in practice multiple layers are necessary only for those 

applications with extensive nonlinear behavior, and they result in extended 

computation time. It is generally accepted that the performance of a well-

designed MLP model is comparable with that achieved by classic statistical 

techniques. Unlike conventional computer programs, which are explicitly 

programmed, supervised neural networks are “trained” with previous 

examples. The network is presented with example data, and the weights of 

inputs feeding into each neuron are adjusted iteratively until the output for a 

specific network is close to the desired output. The method used to adjust the 

weights is generally called back propagation, because the size of the error is 

fed back into the calculation for the weight changes. There are a number of 

possible back propagation algorithms, most with adjustable parameters 

designed to increase the rate and degree of convergence between the 

calculated and the desired (actual) outputs. Although training can be a 

relatively slow process, especially if there are large amounts of data, once 

trained, neural networks are inherently fast in execution. 

 Fuzzy Logic 

Conventional logic demands that a proposition is either true or false. This 

leads to a conventional set theory, so that a hypothesis lies either in the “true” 

set, or lies wholly outside it.  



Page | 32 

 

Diagram of a multilayer perceptron with one hidden layer 

That is, the membership function in the “true” set is either 1 (the 

hypothesis is true) or 0 (the hypothesis lies outside the “true” set, and is false). 

But in reality these black-and-white concepts may be of little utility. An oft-

cited example is the definition of a comfortable room temperature. If a 

temperature of 20 °C is defined as “comfortable”, conventional logic would 

dictate that 19 or 21 °C, which lie outside this set, are “uncomfortable”). A 

very complex set of rules would be required to define “comfortable” using 

conventional logic. Fuzzy logic is based on the concept of fuzzy sets 

introduced in the 1960s by Lotfi Zadeh. For fuzzy sets, membership functions 

are not restricted to be 0 or 1, but can take any continuous value between these 

limits. In the context of comfortable room temperature, for example, a 

temperature of 17 °C might have a membership of 0.4 in the “hot” set and 0.6 

in the “cold”. Fuzzy logic can be especially useful in describing target 

properties for optimizations. For example, the formulator looking for a tablet 

disintegration time of 300 s, i.e. the value less than 300 s has a desirability of 

1 (i.e. 100%). But a tablet which disintegrates in 310 s is not entirely 

undesirable (as crisp logic would insist), and instead might be assigned a 

desirability value of 0.9. In the area of process control fuzzy logic is also used, 

because it allows rules to be expressed in a simple linguistic form IF (A) 
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THEN (B) with an associated confidence function that is related to the set 

membership. To understand how it is used for the process control, consider a 

simple example of a fan heater governed by 4 rules. All these rules mapped 

onto the four fuzzy sets COLD, COOL, WARM and HOT. So, for example, 

if the room temperature is 18 °C, then by Rule 2 the fan speed is medium, with 

truth level 0.7, and by Rule 3 the fan speed is low, with truth level 0.3. The 

correct and smooth adjustment of the fan speed achieved by the process of 

defuzzification. 

 Neurofuzzy Logic 

Fuzzy logic allows objectives to be expressed in simple terms, it 

complements neural network modelling. In case of neurofuzzy logic, the fuzzy 

logic is tightly coupled with a neural network. Neurofuzzy logic combines the 

ability of neural networks to study from data with fuzzy logic’s ability to 

express complex concepts intuitively. It will create a degree of transparency 

for the “black box” neural network models, leading to the term “grey box 

modelling” being applied for these methods. Neurofuzzy has proved to be 

exceptionally suited to data mining, since it not only can develop good models 

from data, but it also has the capability of expressing these as linguistic 

IF…THEN rules. 

The neurofuzzy architecture is an essence of a neural network with two 

additional layers for fuzzification of inputs and defuzzification of outputs. The 

modeling capacities of neurofuzzy systems depends on the number, shape and 

distribution of the fuzzy membership input functions. In the simplest case, 

only two, LOW and HIGH would suffice. In some cases, it is appropriate to 

add more; for example, a problem showing a quadratic dependency would 

require at least LOW, MEDIUM and HIGH in order that it be properly 

represented. Where data are scarce, relatively few membership functions 

should be used. As the number and complexity of the inputs increases, the 

rules become more complicated, and this can make them difficult to 

understand. 

 Evolutionary Computing 

By using rules of inheritance, recombination (or cross-over), mutation 

and selection evolutionary computing describes computational processes in 

which solutions evolve. One particular subset of this, evolutionary algorithms, 

has found the application in the formulation research. 

 Genetic Algorithms 

Genetic algorithms were pioneered in the 1970s by John Holland. It will 
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provide a search technique which is particularly suited to optimization; a trial 

population is assumed, and this evolves in an iterative process. During this 

process, an initial population of solutions is generated, and the fitness of each 

member of the population is assessed. The fittest solutions then become the 

“parents” of the next generation. Allowing some recombination and mutation 

introduces a further degree of novelty into the population so that the genetic 

algorithm is more likely to find a global optimum solution. It is this ability to 

find the global optimum in a complex design space which renders genetic 

algorithms so useful, especially when compared with more directed searches 

like conjugate gradient and steepest descent methods. The requirement for 

genetic algorithms is that a criterion of “fitness” can be defined. This can vary 

from problem to problem. In case of multi-dimensional optimization, it has 

proved useful to define an objective function which is a weighted sum of the 

desirability of each of the properties. The use of weights in the sum allows 

some properties to assume more importance than others, and the fittest 

solutions are those that best meet the overall objectives. In defining the desired 

values of the properties, fuzzy logic provides a useful framework. In one case 

where disintegration time of a tablet is most desirable below 240 s, and 

completely undesirable above 360 s. The second is for the case where the 

disintegration time should lie between 240 and 360s, becoming progressively 

less desirable as it moves farther away from this region. Genetic programming, 

generally regarded as a subset of genetic algorithms, is the most recent of the 

techniques reviewed here, having been widely popularized only in the 1990s. 

It has a limited use in pharmaceutical formulation, but it shows great promise 

since it has the learning capabilities similar to that of neural networks but the 

transparency associated with a straightforward mathematical expression. In 

genetic programming, each solution is a “tree”, in which each tree node has 

an operator function and each terminal node is an operand. These trees provide 

an alternative way of representing equations. An initial population of solutions 

is assumed, and as with other evolutionary methods, the fitness of each 

member is assessed. The population then evolves allowing crossover 

(whereby parts of trees are swapped) and mutation. The evolution is biased so 

that the fittest solutions are emphasized in successive generations, leading to 

increased improvement in the fit of the model to the training data. In other 

genetic algorithms, a criterion of fitness must be defined. The simplest 

criterion would simply minimize the mean-squared error between the 

calculated and actual values, but this could result in an overly complex, and 

potentially over-fitted, model. Therefore, it is often appropriate to use a model 

assessment criterion (such as structural risk minimization) to penalize those 

solutions whose added complexity does not return significant new knowledge. 
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Genetic programming currently suffers from the disadvantage that it is time 

consuming, and its application is less well understood in the formulation 

domain than are neural networks. Nonetheless they are attractive possibilities 

for future work, because they can produce “transparent” models. 

 Integrated Software 

All these technologies are well suited to data mining and modelling, but 

in their raw form require a degree of expertise. To be truly useful to product 

formulators, the technologies described above need to be integrated into 

packages that use sensible default values for the parameters, and that 

incorporate all of the essential tools. For example, to develop a package aimed 

to produce optimized formulations, the modelling capability of neural 

networks combines well with the optimization provided by genetic algorithms. 

Fuzzy logic complements this by providing a useful framework for defining 

the objectives for the optimization in a clear and intuitive way. Apart from the 

specific neural and evolutionary technologies, it is useful to integrate some 

basic statistics (both for examining the data and for assessing the quality of 

the models, by ANOVA Analysis of Variance, statistics), to provide a 

visualization capability. Such integrated packages are now available 

commercially and are proving useful in the pharmaceutical industry. An early 

exemplar of this is CAD/Chem; more recently, since CAD/Chem is no longer 

available, INForm from Intelligensys has been developed. A data mining 

package based on neurofuzzy logic, FormRules, is commercially available, 

with integrated visualization as well as statistical techniques to assess the 

quality of models. 

 Applications 

Over the past fifteen years the technology has been used extensively to 

model and optimize formulations from simple to very complex. It has also 

been used to a lesser degree in pharmaceutical processing. 

1. Oral formulations-immediate release 

In case of a direct compression tablet formulation containing 

hydrochlorothiazide in order to maximize tablet strength and select the best 

lubricant. Apart from this, modeled a tablet formulation of caffeine in order to 

relate both formulation (diluent type and concentration, binder concentration) 

and processing variables (type of granulator used, method of binder addition) 

with granule and tablet properties (friability, hardness, and disintegration 

time). Both these investigations showed that neural networks performed better 

than conventional statistical methods. Similarly, the data of Kesavan and Peck 

were reanalyzed using a combination of neural networks and genetic 
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algorithms. This showed that the optimum formulation depended both on the 

relative importance placed on the output properties and on the constraints 

applied both to the levels of the ingredients and to the processing variables. 

Many optimum formulations could be produced, depending on the “trade-

offs” that could be accepted for different aspects of product performance. It is 

also studied using neurofuzzy computing. Useful rules were automatically 

generated, highlighting the most important factors for each property and their 

interdependencies. The friability rules are the inverse of those for tablet 

hardness, while the rules for disintegration time involved the diluent itself, the 

binder concentration, the method of addition of binder (wet or dry) and the 

method of granulation. The data generated have been used to compare three 

different neural network programs and four classes of training algorithms in 

terms of capability of generating predictive models. The most predictive 

models from each neural network varied with respect to the optimum network 

architecture and training algorithm. No significant differences were found in 

the predictive ability of these models. Recently, the same data have been 

analyzed who compared neurofuzzy techniques with neural networks. The 

developed neurofuzzy methods were almost as good as neural networks (as 

determined using analysis of variance statistics). Rules generated by the 

neurofuzzy method presents the results in a simple understandable format. 

Neural networks used successfully to optimize the crushing strength and 

disintegration time of a high-dose plant extract tablet. By using both neural 

networks and genetic algorithms, the advantages of combining these 

technologies in the formulation of antacid tablets were developed. Drug 

content and hardness of intact tablets of ophylline mixed with microcrystalline 

cellulose from their near-infrared spectra predicted by neural networks. The 

model proved better than a statistical model generated with the same data. The 

superiority of neural network models over statistical models has also been 

found. This time for predicting the dissolution of 28 diltiazem immediate 

release tablet formulations. Recently, working in Sweden and the UK used 

neural networks, genetic algorithms and neurofuzzy to analyze historical data 

from three different immediate release formulations. The performance of the 

generated models are satisfactory in producing tablets with specific desired 

properties. Apart from immediate release tablet formulations, neural networks 

have also been applied to modelling the immediate release capsule 

formulations, rapidly disintegrating or dissolving tablets and a novel oral 

micro emulsion formulation of rifamycin and isoniazid for the treatment of 

children during the continuation phase of tuberculosis. Solid dispersion 

formulations of ketoprofen modelled by both neural networks and neurofuzzy 

with good predictability. The study has also been extended by the addition of 
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a micro emulsion formulation. In a detailed evaluation of both neural networks 

and guided evolutionary simulated annealing for the modeling and 

optimization of a tablet coating formulation, for conflicting properties like 

crack propagation and film opacity that display highly curved responses with 

respect to the formulation inputs (e.g. pigment particle size, pigment 

concentration and film thickness), classical experimental designs to map the 

experimental space are inappropriate for neural network modeling. If we use 

pseudo-random design, it was possible to model and optimize the film coating, 

predicting formulations that were either crack resistant or that were fully 

opaque. Similar formulations have also been studied using neurofuzzy 

computing, where rules were generated relating both the opacity and crack 

resistance to the input variables. The discovered technique offer maximum 

opacity the films needed to be thick with a high pigment concentration and a 

small pigment size. 

2. Controlled release oral formulations 

Artificial neural network (ANN) and pharmacokinetic simulations are 

used in the design of controlled-release formulations. ANN model inputs are 

seven formulation variables and three other tablet variables (moisture, particle 

size and hardness) for 22 tablet formulations of a model drug. The output is 

the in vitro cumulative percentage of drug released at 10 different sampling 

time points. Using CAD/Chem software the ANN model was developed and 

trained from the input and the output data sets. The trained ANN model is used 

to predict optimal formulation compositions based on two desired in vitro 

dissolution-time profiles and two desired in vivo release profiles. The 

assumption is that the dissolution is the rate-limiting step in the in vivo 

absorption of the drug that the fraction of the drug absorbed in vivo is linearly 

related to the in vitro dissolution of the drug. Three out of four predicted 

formulations showed very good agreement between the ANN predicted and 

the observed in vitro release profiles based on difference factor, f1, and 

similarity factor, f2. ANN model used to optimize diclofenac sodium 

sustained release matrix tablets. Formulation variables including 

concentrations of cetyl alcohol, polyvinyl pyrolidone K 30 and magnesium 

stearate, and sampling time were chosen as inputs. Twelve hidden nodes were 

included in the hidden layer. The percentage of the drug released at each 

sampling time point was used as the output. A trained ANN model is used to 

predict release profile and optimize the formulation composition based on the 

percentage of the drug released. A simultaneous optimization technique in 

which the ANN model was used to optimize controlled release theophylline 

tablets prepared with controse, the mixture of hydroxypropylmethyl cellulose 
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with lactose and cornstarch. The release profiles of theophylline were 

determined as the sum of the fast and slow release fractions. To develop the 

ANN model, the amounts of controse, cornstarch and compression pressure 

were selected as causal factors; the response variables are the initial weight of 

theophylline, the release rate constant in the fast and slow release fraction. The 

results predicted by the trained ANN model agreed with the observed values. 

The rate of release theophylline in the GI tract is similar to the absorption rate, 

the rate constant in the fast release fraction and the release rate constant in the 

slow release fraction used as absorption rate constants. The plasma 

concentrations profiles were generated based on the simulated plasma 

concentration profiles. The optimization of the controlled release theophylline 

tablets was performed by a generalized distanced function method using the 

optimal release parameters. For the design of extended-release aspirin tablets 

generalized regression neural network (GRNN) was used. Ten aspirin matrix 

tablet model formulations prepared using Eudrgit RS PO. The casual variables 

are amount of Eudragit RS PO and compression pressure. The release 

parameters are in vitro dissolution-time profiles at four different sampling 

time points, as well as coefficients n (release order) and log k (release 

constant) from the Peppas equation. A set of release parameters and causal 

factors were used for training. The optimized GRNN model was used to 

predict the formulation and process factors for the optimized formulations, 

which would give the desired in vitro drug release profiles. The two optimized 

formulations were then prepared and tested in vitro. The comparison between 

the GRNN predicted and observed in vitro profiles, and estimated coefficients 

indicates there is no difference between the predicted and experimentally 

observed drug release profiles for the two tested formulations based on the 

difference factor, f1 and similarity factor, f2. GRNN predicts the drug 

stability, and in vitro–in vivo correlation. In case of coated tablets, the 

controlling mechanism for drug release is generally by the film applied to the 

tablet, although in some circumstances the release may be controlled in 

addition by the tablet core formulation. In case of 125 formulations for small 

tablets prepared from a model drug embedded in a hydrophilic matrix and then 

coated with an enteric polymer, were able to apply various input feature 

selection algorithms, including genetic algorithms, to evaluate the relative 

importance of the input variables. Then they used a neural network to model 

subsets of the data, with the less significant inputs eliminated. As expected, 

the elimination of the less significant inputs results in more generalized 

predictive models. A neural network to model the formulation of salbutamol 

sulfate osmotic pump tablets, using the amount of hydroxypropyl methyl 

cellulose and polyethylene glycol present in the cellulose acetate coating, apart 



Page | 39 

from the coating weight, as control factors. Using the model, the release 

parameters for 1000 formulations, from which they selected an optimum with 

the desired release pattern. For pelleted or multi-particulate formulations, the 

drug release mechanism can be controlled either by using a rate controlling 

matrix or by the use of films. The pellets are produced by using extrusion and 

spheronization or by layering onto sugar cores. In some cases, the pellets may 

be tableted. In others, they are packed into hard gelatin capsules. Both multi-

layer perceptrons and recurrent neural networks to model successfully the 

release of theophylline from a matrix controlled release pellet formulation 

prepared using extrusion and spheronization. In another study on pellets, this 

time prepared using the layering technique followed by polymer film coating, 

and compared the modelling and optimization abilities of simplex and neural 

network procedures. Simplex optimization is more suitable although neural 

networks were “a valuable and predictive tool”. In a follow-up study, 

compared a response surface methodology and neural networks for modelling 

and optimizing the effect of the process and formulation variables on the 

release profile of verapamil hydrochloride. In each case, the observed drug 

release profile of the optimized formulation was close to that predicted from 

the model. Fluidized bed manufactured, enteric-coated, omeprazole pellets 

compressed into tablets were also analyzed using neural networks. From this, 

we have to predict a positive correlation between the tablet strength and the 

concentration of the microcrystalline cellulose used as a compression aid. The 

degradation of the omeprazole in that media was depend on the 

microcrystalline cellulose concentration. A bimodal drug delivery system 

consisting of pellets coated with pectin and chitosan has recently been 

modeled using neural networks with five different training algorithms. 

Concluded that those networks trained using gradient descent 

backpropagation algorithms outperformed the others. The textural properties 

of a novel pellet formulation capable of extensive gelation and swelling in 

biological fluids, coined “gelisphere” by its inventor, have been modeled 

using both statistics and neural networks. Neural networks were a more 

reliable data predictor in the design of their system. 

 Benefits and Issues 

Although there is a great deal of interest in neural computing, the 

quantified information on the benefits has been harder to find. Benefits that 

could be seen included are: 

– Effective use of incomplete data sets, 

– Rapid analysis of data, 
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– Capable to accommodate more data and retrain the network (refine the 

model), 

– Exploration of the total design space, irrespective of complexity, 

– Ability to accommodate constraints and preferences and 

– Ability to generate understandable rules. 

In a survey on the use of 93 neural computing applications in 75 UK 

companies covering all business sectors, the major benefits identified were the 

improved quality, improved response times, and increased productivity. 

Eighty-four percent of users were satisfied or very satisfied with their systems 

with only three percent expressing dissatisfaction. Business benefits, 

specifically for the domain of product formulation (albeit for 

nonpharmaceuticals), have been given as: 

– Improvement of product quality and performance at low cost, 

– Shorter time to market, 

– Development of new products, 

– improved customer response, 

– improved confidence and 

– improved competitive edge. 

As this new technology moves from the realm of academe into practical 

application, there are also issues regarding the implementation of neural 

computing. Users in the previously cited study were asked to identify where 

they had experienced problems. Thirty-nine percent had found problems 

related to software and lack of development skills; this will be reduced as 

commercial packages come into wider use and there is only less need for be 

evidence of in-house systems with their high programming and maintenance 

burden. However, even when commercial packages are used, there are a 

number of features that should be present before neural computing can be used 

to advantage. The problem must be numeric in nature, and reasonable 

quantities of data should be available to train an adequate model. The greatest 

benefits are achieved for multidimensional problems where it is difficult to 

express any analytic model and difficult to abstract the rules by any other 

mechanism than neural computing. It helps if the problem is of practical 

importance, is part of the organization’s essential activity, and meets a real 

business need. Neural computing will provide beneficial effect to the industry 

in future. 
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 Few early adopters of AI in the clinical research domain [36] 

Company named “MedRespond” is adding to a progression of projects 

highlighting the organization's patented custom conversation® to meet this 

test and streamline the clinical trial process. By consolidating Artificial 

Intelligence and streaming media, company permits clients to sort in their 

inquiries, in their own words, and the framework chooses the pre-recorded 

video that best answers their inquiries. At the point when new issues or 

inquiries emerge, the framework learns and adjusts. Utilizing this innovation, 

medicinal services suppliers can offer consistent backing to patients amid each 

period of a clinical trial. There are two parts of the project that company 

proposes creating. 

 Patient Recruitment Program 

Company has worked along with the University of Pittsburgh cancer 

centers to make a patient training program for disease clinical trials. The 

project is acquainted with recently analyzed growth patients at the center. It 

highlights oncologists, scientists and patients noting questions about what it is 

similar to take part in a clinical trial, the shields that are set up to secure 

members and the consideration that is given amid a clinical trial. Growth 

patients and their families can utilize the project at the center, or in the security 

of their own homes, day and night and around the globe. As every patient 

investigates company’s project and poses their questions, an itemized log is 

made to give precious understanding into the inquiries patients raise. An 

example report of data that can be caught is incorporated into this proposition. 

Sharp comprehension of what issues concern patients – symptoms, being dealt 

with like a guinea pig, accounts, family, notwithstanding stopping through the 

company's involvement in disease clinical trial program. Company 

additionally has involvement in serving to painstakingly make reactions that 

meet the unbending necessities of the IRB. 

 Patient Retention Program 

About 30% of clinical trial members drop out before the study is finished 

up. Consequently, once a patient has been enrolled, it is imperative that they 

be deliberately bolstered all through their trial interest. One reason for this 

dropout rate is an absence of continuous correspondence with the patient amid 

the trial, little appraisal of their status, and inability to advise them of trial 

advancement – all correspondence issues. Patients need to have consistent 

access to experts to answer their inquiries, evaluate their status and offer them 

some assistance with managing any issues or symptoms that they encounter. 

Customary answers for giving this backing depend on therapeutic staffing, an 



Page | 42 

answer that is basically too unreasonable. Company's innovation empowers 

suppliers to recreate this ceaseless emotionally supportive network to give 

productive, and viable backing for clinical trial patients. The patient will visit 

the clinical trial checking site in every week. A video host will affirm that the 

patient is sticking to the study convention and after that direct an online 

evaluation, particular to that patient and trial. Certain reactions could trigger 

further activity – alarming the doctor, asking for help, sending more data, or 

prescribing measurement alterations subsequent to counselling with the study 

doctor. The framework likewise may prescribe how to get ready for the 

following center visit. This correspondence connection to the clinical trial 

patient will likewise be utilized to overhaul members about the status of their 

trial or instruct them concerning any issues. Patients will really feel just as 

their data is esteemed and that they are in effect deliberately observed and kept 

informed as the trial continues, something that happens every once in a while 

in today's clinical trial process. 

 Precision Medicine an Ai Approach 

Precision remedy which is getting the right treatment to the right patient 

at the ideal time. Remembering the finished objective to truly appreciate the 

disorder and how to treat it, the full natural make-up of the phone. This joins 

the genome, proteome, lipidome, metabolome. It can in like manner be looked 

upon mitochondrial limit, oxidative states, and ATP creation, as how the cell 

is acting. In business part there are diverse associations who are wearing down 

Artificial Intelligence, for occasion Berg it takes tests of blood, pee and tissue 

from illness patients and complexities those examples and those from sound 

patients. More than 14 trillion data centers are produced using this method. 

The dominant part of that data is then supported into fake cognizance systems. 

The AI separates information from the patient's science including OMICS, 

clinical illustrations, and demographics. Once the cognizance of wiped out 

cells is expert then, wear down how to make the cells strong again can be 

proficient by method for AI. Each one of that examination is so mind boggling 

and wide that it would take individuals a lifetime to complete it. With the help 

of AI, all that data is crunched in the scope of days or weeks, obtaining 

profitable time in the pharmaceutical creation process. The result is a centered 

around treatment, specially crafted to the individual, considering their own 

body's beauty care products. 

 Fourth Industrial Revolution: AI[37] 

Numerous have authored that world is amidst the fourth industrial 

revolution where we are at the tipping purpose of an entire assortment of 
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interconnected innovation leaps forward: robots, rambles, shrewd urban areas, 

computerized reasoning, and cerebrum research. By, the fourth industrial 

revolution is not an item unrest; it is a framework insurgency. We live in 

reality as we know it where we are overpowered with advancement and 

innovation leaps forward in counterfeit consciousness, associated gadgets (the 

internet of things), 3D printing, self-driving vehicles, consistent availability 

and vast figuring power. These advancements are changing the world in a 

significant and eccentric path and at a much quicker rate than any time in 

recent memory. The sheer volume of advancements and the rate of progress is 

overwhelming. It will definitely drive a wholesale change of organizations and 

procedures as we probably am aware them today. Human services and 

pharmaceutical businesses are no exemption and may be give one of the 

greatest open doors for a positive effect. Here are three ways that clinical trials 

will be changed by the Fourth Industrial Revolution. 

 Patients will be dynamic members in the clinical trial 

By far most of clinical trials today are led without direct information from 

patients as most information are gathered by human services suppliers amid 

patient visits. In any case, billions of individuals are as of now conveying 

associated individualized computing gadgets (advanced cells and tablets) and 

billions more will be associated through wearable gadgets soon. This gives the 

chance to catch information specifically from patients in a continuous and 

convenient way as they enter that data on their own cell phones. Even better, 

information for non-transferable ailments, for example, hypertension and 

diabetes can be caught and transmitted straightforwardly through wearable 

medicinal gadgets. Accordingly, the information caught will be significantly 

more point by point and of higher quality in this manner expanding the pace 

and viability of clinical trials. 

 Clinical trials systems will consistently facilitate all parts of the trial 

Envision an EDC or eCOA framework that is associated with the IVRS 

framework which tracks the investigational item progressively empowered by 

the IoT base. These associated frameworks will permit situations, for example, 

planning the patient visit in light of the accessibility of the investigational 

item. Clinical Trial Systems will be able to correspond with individuals, 

different frameworks, gadgets and supplies by means of backing of standard 

conventions, for example, for personality administration - SAML and Oauth 

for security, distributed API for combination, and implicit work process 

motors for arrangement. These frameworks will consistently associate 

individuals, offices, hardware and supplies progressively to empower more 
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proficient and viable clinical trials. 

 Crowd sourcing will change trial interest 

For pharmaceutical organizations, joining examiners and patients for 

clinical trials is a period expending and costly process that depends intensely 

on whom you know and the amount of cash you spend on customary media 

and selection representatives. On the other side, agents and patients have 

couple of alternatives and no dependable hotspots for what clinical trials they 

can take part in. Cloud based clinical trial frameworks will make publishing 

so as to agree to trials straightforward web posting of accessible clinical trials 

and registries of examiners and patients. Specialists and patients will have the 

capacity to distribute and share the accreditations and vitals effectively and 

safely through frameworks that will impart only the data they approve to the 

right gatherings. While we don't know precisely to what extent it will take for 

the Fourth Industrial Revolution to totally change clinical trials, we can be 

sure that change is unavoidable. For dynamic associations and business 

people, this introduces a huge chance to enhance existing arrangements and 

benefits or make totally new offerings. For others, it will be important to adjust 

to these progressions just to survive. 

 Future of AI[38-39] 

The firmly controlled medicinal services industry has made little 

utilization of counterfeit consciousness in this way. One of the issues has 

dependably been that social insurance is excessively mind boggling. Keeping 

in mind the end goal to foresee anything around one's wellbeing, we require 

data on demographics, proteins, multi-quality cooperation’s, ecological 

impacts, and an entire host of different features. Those conceivable outcomes 

are startling and energizing. 

 AI to Predict Drug Resistance 

Could AI foresee human services results? Specialists are chipping away 

at approaches to utilize AI and machine figuring out how to anticipate 

reactions from two chemotherapy medicines used to treat breast cancer 

patients. The fundamental issue is that not everybody with the same growth 

reacts similarly. Computerized reasoning is an effective apparatus to 

anticipate drug results since it takes a gene at the entirety of all the 

collaborating qualities. They discovered it was conceivable to foresee which 

patients with breast cancer malignancy would encounter upgrades when 

utilizing the medication Paclitaxel. 
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 How AI could bolster pharmaceutical adherence 

Can AI check whether we took our pills? Per reports, an organization in 

the US does precisely that. AI Cure is a start-up that uses artificial intelligence 

on patient's cell phones to affirm solution ingestion support in clinical trials 

and high-chance populaces. A cell phone's camera is utilized to comprehend 

whether patients took the medicine effectively. Ongoing information is 

likewise unified for quick mediation and longitudinal following of adherence 

examples. Research found that patient non-adherence to recommended 

medicines is connected with poor restorative results, movement of malady, 

and causes billions of dollars every year in avoidable direct human services 

costs. Presently, social insurance experts just need to guarantee that each 

patient makes utilization of his or her cell phone. 

 AI for smarter drug development 

IBM Watson is presumably a standout amongst the most surely 

understood samples of a supercomputer that has demonstrated its capacities in 

AI past the lab. Other than noting questions for the test show Jeopardy, Watson 

is likewise ready to comprehend and extricate key data by looking through a 

large number of pages of exploratory restorative writing and afterward picture 

connections in the middle of medications and other potential infections. A year 

ago, IBM declare that the pharmaceutical mammoth Johnson and Johnson and 

contender Sanofi would participate in a joint effort with IBM Watson's 

Discovery Advisor group. J&J will likely educate the supercomputer to peruse 

and comprehend experimental papers that contain clinical trial results, and 

afterward create and assess medicines and different medications. While this 

may not sound excessively energizing, it could have inconceivable outcomes 

on how pharmaceutical organizations do similar viability examines. The IBM 

proclamation recommends that it could help specialists to coordinate a 

medication with the right arrangement of patients keeping in mind the end 

goal to expand adequacy and minimize symptoms. This would be distinctive 

to the manual process at present connected, which obliges months to discover 

information and proof before a study can even begin. The utilization of 

Watson could essentially decrease the time, and subsequently quicken the 

procedure of disclosure. It was reported this was the principal open declaration 

of pharmaceutical organizations to grasp a supercomputer's capacities and use 

it for prescient investigation towards drug improvement. 

 AI for alzheimer’s patients 

A venture led at the University of Washington and its branch of computer 

science investigated the utilization of AI frameworks to backing and improve 
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the freedom and personal satisfaction of Alzheimer's patients. Such helped 

discernment frameworks would make utilization of AI innovation to supplant 

a percentage of the memory and critical thinking capacities that have been lost 

by an Alzheimer's patient. By scientists, the inspiration for this undertaking 

comes from the need to advance the prosperity and freedom of individuals 

experiencing intellectual constraints because of maturing and Alzheimer's 

ailment. 

 AI for wearable health 

An issue with internet of things (IoT) applications has been the means by 

which to make utilization of their information, as PCs immediately achieved 

a breaking point of what should be possible with every one of that was 

gathered. Thankfully, machine-learning frameworks have adjusted to handle 

bigger limits of approaching information. Zulfi Alam, general director for 

individual gadgets at Microsoft, clarifies in a post that their brilliant 

forthcoming calculations will know enough about the client and her biometrics 

in a consistent state to have the capacity to perceive examples and chances to 

enhance client wellbeing and wellness. In a more basic human services setting, 

an exploration group at the university of California, Los Angeles, proposes a 

stage for wellbeing observing utilizing remote sensor systems. The stage's 

engineering is a system empowered framework that backings different 

wearable sensors and contains on-board general figuring abilities for 

executing separately customized occasion discovery, cautions, and system 

correspondence with different restorative informatics administrations. 

Envision this checking stage associated with computerized reasoning and 

machine learning abilities, and the way we deal with patients later on could 

essentially change. 

 Future of AI in clinical research/ healthcare 

Healthcare professionals seem to be doubtful about the use of artificial 

intelligence in their practice. AI is still in an early stage of development and 

will not be able to replace a doctor. The big question we may want to ask is 

how can machine learning become a greater enabler for healthcare and its 

participating players?.‟The questions to doctors and pharmaceutical 

companies is what problems they have, and how AI can help to solve them. 

AI is a study that imitate human knowledge into PC innovation that could help 

both specialists and patients in the accompanying way: 

 By giving a research facility to the examination, representation, and 

classifying of restorative data. 

 By concocting novel devices to bolster choice making and research. 
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 By the Incorporation of exercises in medicinal, programming and 

psychological sciences. 

 By offering a substance rich order for future logical restorative group. 

Along these lines, expanded combination of insightful AI devices in 

regular medicinal applications could enhance the effectiveness of medications 

and stay away from expenses by minimizing the dangers of false 

determination, encourage more focused on pre-agent arranging, and decrease 

the danger of intra-agent entanglements. The late use of AI in performing 

advanced undertakings and calculations has step by step driven it to be 

presented as a key part of MRI and figured tomography frameworks. The 

additional point of preference of these frameworks is in the capacity to 

adequately procure data, and sync with set up choice bolster databases. 

Further, AI has started changing the field of surgical mechanical technology 

wherein it has empowered the appearance of robots that perform semi 

robotized surgical errands with expanding effectiveness. One of a definitive 

difficulties confronted in mechanical autonomy could be imitating of human 

knowledge and body movement. Despite such a basic test, mechanical 

autonomy has achieved impressive advance and is presently connected over a 

wide cluster of utilizations extending from the guard business to the 

diagnostics. Essentially, robots are not assembled insightfully, but rather are 

coordinated with certain product segments to make them smart. Late advances 

in the field of AI, for example, neural systems administration, normal dialect 

preparing, picture acknowledgment, and discourse 

acknowledgment/combination research, have impelled our imagination and 

the eventual fate of mechanical technology looks brilliant in reality. It merits 

are the greatest obstacle towards selection of medicinal mechanical surgical 

frameworks is the high beginning capital gear costs included. A large number 

of these frameworks regularly require new base to be built and the staffing of 

high bill rate pros who are all around prepared in these procedures develops 

to be a key impediment in its far reaching reception. An essential AI PC 

utilized as a part of clinical practice could be pictured to be connected for 

robotization of routine undertakings and for different capacities recorded 

beneath: Alerts and updates in most broad types of AI coordination, the 

machine examines a patient's lab results, drug requests, and redesigns the 

patient with a fitting update. In this way to generate cautions and updates, 

more propelled AI projects can be specifically interfaced with a patient screen 

and utilized for distinguishing changes as a part of a patient's condition. 

 Therapy for arranging specific conditions that require elaborate 

treatment arrangements could profit by AI instruments amid 
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treatment arranging. By consolidating an AI framework that can 

naturally detail arranges in view of particular conditions would 

increase the value of the doctors and also patients. 

 Information retrieval programming hunt specialists can be made 

down complex medicinal applications that are substantially more 

proficient than current era web-slithering operators' execution. This 

guides in data recovery and up-gradation of information naturally. 

 Image interpretation multiple medicinal pictures can be promptly 

distinguished, from plane X-beams through to very mind boggling 

pictures like angiograms, CT, and MRI examines. Such frameworks 

for picture acknowledgment and translation have progressively been 

received for clinical use. Another key utilization of AI frameworks is 

presently experimental exploration through applying master 

frameworks and choice emotionally supportive networks. Such 

frameworks are customized to learn. DSS innovation used effectively 

in the medicinal gadget industry that includes heart checking and 

robotized ECG, therapeutic imaging, clinical research center 

investigation, respiratory observing, electroencephalography, and 

anesthesia. 
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Conclusion 

 

 

Today, big data and AI are developing so fast that boost targeted drug 

discovery in an unprecedented speed. With the integration of various disease 

databases, scientists are able to perform data mining for de novo therapeutic 

target discovery. With AI assistance, novel identified therapeutic targets can 

be virtually screened for the discovery of targeted old drugs/new compounds 

within very short period. With AI-assisted reverse docking, old drugs or 

natural products could be repurposed for new indications very efficiently. 
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Quality by Design Approaches in Pharmaceutical 

Developments 

 

 

 

Abstract 

Quality by Design (QbD) is the new approach used for the quality of 

pharmaceuticals. It gives idea about use of quality by design to assure the 

quality of pharmaceuticals. The objective of the pharmaceutical development 

is to design a quality product and its manufacturing process to deliver the 

pharmaceutical products with quality assurance including quality and 

importance of the targeted product profile using Quality by Design. It gives 

idea on quality of pharmaceutical product by end product testing and quality 

of pharmaceutical product by Quality by Design. This book mainly highlights 

the elements of QbD, approaches of QbD and applications of QbD in 

manufacturing of pharmaceutical products and pharmaceutical development.  

Keywords: QbD, elements, ICH guidelines, quality assurance 

Introduction 

Quality by Design (QbD) was first defined by the Dr. Joseph M. Juran [1]. 

Juran endorsed that most quality crises and issues emerge due to a lack of 

importance assigned to it during the planning of the product. Food Drug and 

Administration (FDA) in its current Good Manufacturing Practice for the 21st 

century initiated QbD and process analytical technology (PAT) with an 

objective to build quality into the product from its inception. QbD was 

described in ICH Q8, Q9 and Q10 guidance. In ensuring quality of the 

manufactured products, QbD is an important transition from the traditional 

quality by testing (QbT) perspective, which ascertains the product’s quality 

by verifying it with approved regulatory specifications at the end of the 

manufacturing process. FDA is encouraging the application of QbD principles 

to pharmaceutical development since it promotes product and process 

understanding to build quality into a product [1]. The Abbreviated New Drug 

Application product submissions have included Quality by Design principles 

from January 1, 2013. In 2006, Merck and Co’s Januvia (sitagliptin) became 

the first product to be approved, which had incorporated QbD principles 

during its product development [2]. During the scale-up of a product, from the 

formulation development to the production-scale, there appears to be a great 
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deal of unpredictability along with poor understanding, which results in 

unexpected failures. Failure of products to comply with their specifications 

would result in either rejection or reprocessing of the batch, with increased 

cost and regulatory burden. Post-approval changes, even of non-critical nature 

require pre-approval. Thus, lack of product and process understanding results 

in a wide communication gap between the regulatory bodies and the 

pharmaceutical companies [3]. QbD is thus a systematic, scientific, risk-based, 

holistic and proactive approach that begins with pre-defined objectives and 

emphasis on product, process understanding and process control [4]. It 

essentially necessitates designing and developing the product and the 

manufacturing process to achieve the predefined product quality objectives [5]. 

QbD identifies characteristics that are vital to quality from the patient’s point 

of view and converts them into critical quality attributes (CQAs) that the 

product should possess. Further, it establishes the limits, the design space, for 

the critical process parameters (CPPs) and critical material attributes (CMAs) 

affecting the CQAs. The innovative risk-based approach is adopted to identify 

the CMAs and CPPs. Within the design space, the process remains unaffected 

and consistently manufactures the desired product [6]. Design space is obtained 

by employing design of experiment (DoE), a statistical tool to optimise the 

variables of CMAs and CPPs. This knowledge is then used to implement a 

flexible and robust manufacturing process that can adapt and yield stable 

product overtime. Knowledge-based commercial manufacturing ensures 

enough regulatory flexibility for setting specifications and post-approval 

changes. In addition, QbD principles promote innovation and continuous 

improvement and thus represent amalgamation of ICH Q8, ICH Q9 and ICH 

Q10. 

The salient features of QbD include: 

1. Product is designed to meet patient needs and performance requirements.  

2. Process is designed consistently to meet the product quality attributes.  

3. Understand the impact of raw materials and process parameters on 

product quality. 

4. The critical sources of process variability are identified and controlled. 

This review looks into the salient features of QbD components with an aim of 

understanding its application in pharmaceutical development. It discusses 

target product profile (TPP), quality target product profile (QTPP), critical 

quality attributes (CQAs) of the product and design of experiments (DoE) for 

obtaining design space for critical material attributes (CMAs) and critical 

process parameters (CPPs)[7]. The fundamentals of risk-based strategy and its 

capacity in recognizing and grading CMAs and CPPs are further discussed. 
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Quality  

“The degree to which a set of inherent properties of a product, system or 

process fulfils requirements” (ICH Q9). “Good pharmaceutical quality 

represents an acceptably low risk of failing to achieve the desired clinical 

attributes.” 

Pharmaceutical Quality by Testing  

Product quality is ensured by raw material testing, drug substance 

manufacturing, a fixed drug product manufacturing process, in-process 

material testing, and end product testing. If they meet the manufacturer’s 

proposed and FDA approved specifications or other standards such as USP for 

drug substance or excipients, they can be used for the manufacturing of the 

products [8]. Since a few tablets out of several million are tested, drug 

manufacturers are usually expected to conduct extensive in process tests, such 

as blend uniformity, tablet hardness, etc; to ensure the outcome of in-process 

testing also meets the FDA approved in-process testing specifications. 

Manufacturers are also not permitted to make changes to the operating 

parameters specified in the batch record or other process changes without 

filing supplements with the FDA. As a result, the FDA has been overwhelmed 

by the number of Chemistry, Manufacturing, and Controls (CMC) 

supplements filed in recent years. For example, in 2005 and 2006, the FDA 

Office of Generic Drugs received over 3,000 CMC supplements annually [9]. 

This combination of fixed manufacturing steps and extensive testing is what 

ensures quality under the traditional system. Limited characterization of 

variability, inadequate understanding to identify and quantify critical process 

parameters, and caution on the part of regulators leads to a very rigid and 

inflexible specifications that prohibit the release of products that may have 

acceptable clinical performance [10]. Significant industry and FDA resources 

are spent debating issues related to acceptable variability, need for additional 

testing controls, and establishment of specification acceptance criteria. Often 

these are concentrated on acceptance limits or statistical aspects. FDA 

reviewers’ conservatism results from the fact that manufacturers may not 

understand how drug substance, excipients, and manufacturing processes 

affect the quality of their products and they do not share this information with 

FDA reviewers. Under the traditional regulatory evaluation system, all 

products are treated equally without regard to the risk to the consumer [11]. 

This has placed too much review time on low-risk products and more 

significantly, takes away needed resources from the review of high-risk 

products. CMC review assessments of complex dosage forms (modified 

release products, topicals and transdermals) as well as narrow therapeutic 
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index (NTI) drugs differ only marginally from those of simple dosage forms 

(many immediate release solid oral products). Further, all CMC information 

in applications are sometimes evaluated equally, without differentiation of 

criticality, resulting in the requirement of intensive resources for each 

application. Product quality and performance are achieved predominantly by 

restricting flexibility in the manufacturing process and by end product testing. 

Presently regulatory review system places little or no emphasis on how the 

design of an effective and efficient manufacturing process can ensure product 

quality. As a result, the complexities of process scale-up, particularly for 

complex dosage forms are often not recognized. Product specifications often 

are derived using test data from one or more batches, and mechanistic 

understanding does not play a significant role in this process. Finally, the 

burdensome regulatory requirement of supplements imposed on 

manufacturers for executing minor and incremental changes to manufacturing 

processes and controls inhibits continuous improvement and strategies for the 

implementation of continuous “real time” assurance of quality. 

Pharmaceutical Quality by Design 

QbD is a systematic approach to development that begins with predefined 

objectives and emphasizes product and process understanding and process 

control based on sound science and quality risk management (ICH Q8(R). 

QbD means designing and developing formulations and manufacturing 

processes to ensure predefined product quality. Thus, QbD requires an 

Understanding and controlling formulation and manufacturing process 

variables influence product quality. Relevant documents from the 

International Conference on Harmonization of Technical Requirements for 

Registration of Pharmaceuticals for Human Use (ICH), ICH Q8, 

Pharmaceutical Development, along with ICH Q9, Quality Risk Management, 

and ICH Q10, Pharmaceutical Quality Systems, indicated that how quality by 

design acts to ensure drug product quality. 

ICH Q8 defines quality as “The suitability of either a drug substance or 

drug product for its intended use. This term includes such attributes as the 

identity, strength, and purity.” ICH Q6A emphasizes the role of specifications 

stating that “Specifications are critical quality standards that are proposed and 

justified by the manufacturer and approved by regulatory authorities.” [12] 

Pharmaceutical QbD is a systematic, scientific, risk-based, holistic and 

proactive approach to pharmaceutical development that begins with 

predefined objectives and emphases product and processes understanding and 

process control [13]. It means designing and developing formulations and 

manufacturing processes to ensure predefined product quality objectives. QbD 
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identifies characteristics that are critical to quality from the perspective of 

patients, translates them into the attributes that the drug product should 

possess, and establishes how the critical process parameters can be varied to 

consistently produce a drug product with the desired characteristics [14]. In 

order to do this the relationships between formulation and manufacturing 

process variables (including drug substance and excipient attributes and 

process parameters) and product characteristics are established and sources of 

variability identified. This knowledge is then used to implement a flexible and 

robust manufacturing process that can adapt and produce a consistent product 

over time. 

 

Fig 1: Overview of QbD 

Thus, some of the QbD elements may include, 

 Define quality target product profile that describes the use, safety and 

efficacy of the product. 

 Design and develop product and manufacturing processes. 

 Identify critical quality attributes, process parameters, and sources of 

variability. 

 Establish a control strategy for the entire process 

 Control manufacturing processes to produce consistent quality over time. 
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Under the QbD concept, pharmaceutical quality for generic drugs is 

assured by understanding and controlling formulation and manufacturing 

variables. End product testing confirms the quality of the product and is not 

part of the manufacturing consistency or process control. Under QbT a product 

specification is often set by observing data from a small number of batches 

believed to be acceptable and then setting acceptance criteria that required 

future batches to be the same. Under QbD consistency comes from the design 

and control of the manufacturing process and the specification of drug product 

under QbD should be clinically relevant and generally determined by product 

performance. QbD requires an understanding how formulation and process 

variables influence product quality. These discussions have generally focused 

on the development of new drugs. Drawing on these discussions and some 

specific aspects of the development of generic products, a QbD development 

process may include & begin with a target product profile that describes the 

use, safety and efficacy of the product & Define a target product quality profile 

that will be used by formulators and process engineers as a quantitative 

surrogate for aspects of clinical safety and efficacy during product 

development & Gather relevant prior knowledge about the drug substance, 

potential excipients and process operations into a knowledge space. Use risk 

assessment to prioritize knowledge gaps for further investigation & Design a 

formulation and identify the critical material (quality) attributes of the final 

product that must be controlled to meet the target product quality profile & 

Design a manufacturing process to produce a final product having these 

critical material attributes & identify the critical process parameters and raw 

material attributes that must be controlled to achieve these critical material 

attributes of the final product. Use risk assessment to prioritize process 

parameters and material attributes for experimental verification. Combine 

prior knowledge with experiments to establish a design space or other 

representation of process understanding & establish a control strategy for the 

entire process that may include raw material controls, process controls and 

monitors, design spaces around individual or multiple unit operations, and 

final product tests. The control strategy should include expected changes in 

scale and can be guided by a risk assessment & continually monitor and update 

the process to assure consistent quality Design of experiments (DOE), risk 

assessment, and process analytical technology (PAT) are tools that may be 

used in the QbD process when appropriate. The difference between QbD for 

NDA and ANDA products is most apparent at the first step of the process. For 

an NDA, the target product profile is under development while for the ANDA 

product the target product profile is well established by the labelling and 

clinical studies conducted to support the approval of the reference product 
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Table 1.  

Table 1: Current Vs QbD approach to pharmaceutical development 

Conventional Product Development QbD Approach(Ideal) 

Quality assured by end product testing 

and inspection and mainly an empirical 

approach. 

Quality built into product & process by 

design, based on scientific 

understanding and a systematic 

approach 

Data intensive submission – disjointed 

information without “big picture” 

Knowledge rich submission – showing 

product knowledge & process 

understanding 

Specifications based on batch history 
Specifications based on product 

performance requirements 

“Frozen process” disallowing changes 
Flexible process within design space, 

allowing continuous improvement 

Focus on reproducibility – often avoiding 

or ignoring variation 

Focus on formulation and process 

robustness – understanding and 

controlling variation 

 

“Quality is built in by design, not tested in” 

“Quality by design is about doing things consciously. 

 

 

Flow diagram (Key Aspects of QbD) 

Flow diagram (Key Aspects of QbD) 

Advantages of QbD 

 It provides a higher level of assurance of drug product quality. 

 It offers cost savings and efficiency for the pharmaceutical industry.  

 It increases the transparency of the sponsor understands the control 

strategy for the drug product to obtain approval and ultimately 

commercialize.  

 It makes the scale-up, validation and commercialization transparent, 

rational and predictable. 
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 It facilitates innovation for unmet medical needs.  

 It increases efficiency of pharmaceutical manufacturing processes and 

reduces manufacturing costs and product rejects.  

 It minimizes or eliminates potential compliance actions, costly penalties, 

and drug recalls. 

 It offers opportunities for continual improvement.  

 It provides more efficiency for regulatory oversight:  

 It streamlines post approval manufacturing changes and regulatory 

processes.  

 It more focused post approval CGMP inspections. 

 It enhances opportunities for first cycle approval.  

 It facilitates continuous improvement and reduces the CMC supplement.  

 It enhances the quality of CMC and reduces the CMC review time [15]. 

Elements of pharmaceutical quality by design 

In a pharmaceutical QbD approach to product development, an applicant 

identifies characteristics that are critical to quality from the patient’s 

perspective, translates them into the drug product critical quality attributes 

(CQAs), and establishes the relationship between formulation/manufacturing 

variables and CQAs to consistently deliver a drug product with such CQAs to 

the patient. QbD consists of the following elements: 

1. A quality target product profile (QTPP) that identifies the critical quality 

attributes (CQAs) of the drug product 

2. Product design and understanding including the identification of critical 

material attributes (CMAs)  

3. Process design and understanding including the identification of critical 

process parameters (CPPs) and a thorough understanding of scale-up 

principles, linking CMAs and CPPs to CQAs  

4. A control strategy that includes specifications for the drug substance(s), 

excipient(s), and drug product as well as controls for each step of the 

manufacturing process  

5. Process capability and continual improvement 
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Quality Target Product Profile that Identifies the Critical Quality 

Attributes of the Drug Product  

QTPP is a prospective summary of the quality characteristics of a drug 

product that ideally will be achieved to ensure the desired quality, taking into 

account safety and efficacy of the drug product. QTPP forms the basis of 

design for the development of the product. Considerations for inclusion in the 

QTPP could include the following [16]; 

 Intended use in a clinical setting, route of administration, dosage form, 

and delivery system(s)  

 Dosage strength(s)  

 Container closure system  

 Therapeutic moiety release or delivery and attributes affecting 

pharmacokinetic characteristics (e.g., dissolution and aerodynamic 

performance) appropriate to the drug product dosage form being 

developed 

  Drug product quality criteria (e.g., sterility, purity, stability, and drug 

release) appropriate for the intended marketed product. 

Identification of the CQAs of the drug product is the next step in drug 

product development. A CQA is a physical, chemical, biological, or 

microbiological property or characteristic of an output material including 

finished drug product that should be within an appropriate limit, range, or 

distribution to ensure the desired product quality. The quality attributes of a 

drug product may include identity, assay, content uniformity, degradation 

products, residual solvents, drug release or dissolution, moisture content, 

microbial limits, and physical attributes such as color, shape, size, odor, score 

configuration, and friability. These attributes can be critical or not critical. 

Criticality of an attribute is primarily based upon the severity of harm to the 

patient should the product fall outside the acceptable range for that attribute. 

Probability of occurrence, detectability, or controllability does not impact 

criticality of an attribute. It seems obvious that a new product should be 

adequately defined before any development work commences. However, over 

the years, the value of predefining the target characteristics of the drug product 

is often underestimated. Consequently, the lack of a well-defined QTPP has 

resulted in wasted time and valuable resources. A recent paper by Raw et al. 
[17] illustrates the significance of defining the correct QTPP before conducting 

any development. Also, QbD examples exemplify the identification and use 

of QTPPs [18].  
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Product Design and Understanding 

 Over the years, QbD’s focus has been on the process design, 

understanding, and control, as discussed in the ICH Q8 (R2) guidance. It 

should be emphasized that product design, understanding, and control are 

equally important. Product design determines whether the product is able to 

meet patients’ needs, which is confirmed with clinical studies. Product design 

also determines whether the product is able to maintain its performance 

through its shelf life, which is confirmed with stability studies. This type of 

product understanding could have prevented some historical stability failures.  

The key objective of product design and understanding is to develop a 

robust product that can deliver the desired QTPP over the product shelf life. 

Product design is openended and may allow for many design pathways. Key 

elements of product design and understanding include the following: 

 Physical, chemical, and biological characterization of the drug 

substance(s) 

 Identification and selection of excipient type and grade, and knowledge 

of intrinsic excipient variability 

 Interactions of drug and excipients. 

 Optimization of formulation and identification of CMAs of both 

excipients and drug substance. 

To design and develop a robust drug product that has the intended CQAs, 

a product development scientist must give serious consideration to the 

physical, chemical, and biological properties of the drug substance. Physical 

properties include physical description (particle size distribution and particle 

morphology), polymorphism and form transformation, aqueous solubility as a 

function of pH, intrinsic dissolution rate, hygroscopicity, and melting point(s). 

Pharmaceutical solid polymorphism, for example, has received much attention 

recently since it can impact solubility, dissolution, stability, and 

manufacturability. Chemical properties include pKa, chemical stability in 

solid state and in solution, as well as photolytic and oxidative stability. 

Biological properties include partition coefficient, membrane permeability, 

and bioavailability. Pharmaceutical excipients are components of a drug 

product other than the active pharmaceutical ingredient. Excipients can aid in 

the processing of the dosage form during its manufacture; protect, support, 

orenhance stability, bioavailability, or patient acceptability; assist in product 

identification; or enhance any other attribute of the overall safety, 

effectiveness, or delivery of the drug during storage or use[19]. They are 
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classified by the functions they perform in a pharmaceutical dosage form. 

Among 42 functional excipient categories listed in USP/NF, commonly used 

excipients include binders, disintegrants, fillers (diluents), lubricants, glidants 

(flow enhancers), compression aids, colors, sweeteners, preservatives, 

suspending/dispersing agents, pH modifiers/buffers, tonicity agents, film 

formers/coatings, flavors, and printing inks. The FDA’s inactive ingredients 

database [20] lists the safety limits of excipients based on prior use in FDA-

approved drug products. It is well recognized that excipients can be a major 

source of variability. Despite the fact that excipients can alter the stability, 

manufacturability, and bioavailability of drug products, the general principles 

of excipient selection are not well-defined, and excipients are often selected 

ad hoc without systematic drug-excipient compatibility testing. To avoid 

costly material wastage and time delays, ICH Q8 (R2) recommends drug-

excipient compatibility studies to facilitate the early prediction of 

compatibility. Systematic drugexcipient compatibility studies offer several 

advantages as follows: minimizing unexpected stability failures which usually 

lead to increased development time and cost, maximizing the stability of a 

formulation and hence the shelf life of the drug product, and enhancing the 

understanding of drugexcipient interactions that can help with root cause 

analysis should stability problems occur. 

Formulation optimization studies are essential in developing a robust 

formulation that is not on the edge of failure. Without optimization studies, a 

formulation is more likely to be high risk because it is unknown whether any 

changes in the formulation itself or in the raw material properties would 

significantly impact the quality and performance of the drug product, as shown 

in recent examples. Formulation optimization studies provide important 

information on the following: 

 Robustness of the formulation including establishing functional 

relationships between CQAs and CMAs 

 Identification of CMAs of drug substance, excipients, and in-process 

materials 

 Development of control strategies for drug substance and excipients. 

In a QbD approach, it is not the number of optimization studies conducted 

but rather the relevance of the studies and the utility of the knowledge gained 

for designing a quality drug product that is paramount. As such, the QbD does 

not equal design of experiments (DoE), but the latter could be an important 

component of QbD. Drug substance, excipients, and in-process materials may 

have many CMAs. A CMA is a physical, chemical, biological, or 

microbiological property or characteristic of an input material that should be 
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within an appropriate limit, range, or distribution to ensure the desired quality 

of that drug substance, excipient, or in-process material. For the purpose of 

this paper, CMAs are considered different from CQAs in that CQAs are for 

output materials including product intermediates and finished drug product 

while CMAs are for input materials including drug substance and excipients. 

The CQA of an intermediate may become a CMA of that same intermediate 

for a downstream manufacturing step. Since there are many attributes of the 

drug substance and excipients that could potentially impact the CQAs of the 

intermediates and finished drug product, it is unrealistic that a formulation 

scientist investigate all the identified material attributes during the formulation 

optimization studies. Therefore, a risk assessment would be valuable in 

prioritizing which material attributes warrant further study. The assessment 

should purchase common scientific knowledge and the formulator’s expertise. 

A material attribute is critical when a realistic change in that material attribute 

can have a significant impact on the quality of the output material. Product 

understanding includes the ability to link input CMAs to output CQAs. The 

steps taken to gain product understanding may include the following: 

1. Identify possible known input material attributes that could impact the 

performance of the product.  

2. Use risk assessment and scientific knowledge to identify potentially high 

risk attributes. 

3. Establish levels or ranges of potentially high-risk material attributes. 

4. Design and conduct experiments, using DoE when appropriate.  

5. Analyze the experimental data and apply first principle models to 

determine if an attribute is critical. 

6. Develop a control strategy. For critical material attributes, define 

acceptable ranges. For non critical material attributes, the acceptable 

range is the range investigated. When more than one excipient is 

involved, these defined acceptable ranges may be termed formulation 

design space. 

Process Design and Understanding 

A pharmaceutical manufacturing process usually consists of a series of 

unit operations to produce the desired quality product. Unit operations may be 

executed in batch mode or in a continuous manufacturing process. A unit 

operation is a discrete activity that involves physical or chemical changes, 

such as mixing, milling, granulation, drying, compression, and coating. A 

process is generally considered well-understood when all critical sources of 

variability are identified and explained, variability is managed by the process, 

and product quality attributes can be accurately and reliably predicted. Process 
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parameters are referred to as the input operating parameters (e.g., speed and 

flow rate) or process state variables (e.g., temperature and pressure) of a 

process step or unit operation. A process parameter is critical when its 

variability has an impact on a critical quality attribute and therefore should be 

monitored or controlled to ensure the process produces the desired quality. 

Under this definition, the state of a process depends on its CPPs and the CMAs 

of the input materials. Process robustness is the ability of a process to deliver 

acceptable drug product quality and performance while tolerating variability 

in the process and material inputs [21]. The effects of variations in process 

parameters and material attributes are investigated in process robustness 

studies. The analysis of these experiments identifies CPPs that could affect 

drug product quality and establishes limits for these CPPs (and CMAs) within 

which the quality of drug product is assured.  

Steps to establish process understanding are very similar to those of 

product understanding and include the following: 

1. Identify all possible known process parameters that could impact the 

performance of the process  

2. Use risk assessment and scientific knowledge to identify potentially 

high-risk parameters.  

3. Establish levels or ranges of these potentially high-risk parameters  

4. Design and conduct experiments, using DoE when appropriate. 

5. Analyze the experimental data and, when possible, determine 

scalability and apply first principle models to determine if a process 

parameter is critical. Link CMAs and CPPs to CQAs when possible. 

6. Develop a control strategy. For critical parameters, define acceptable 

ranges. For noncritical parameters, the acceptable range is the range 

investigated. When more than one process parameter or material 

attribute is involved, these defined acceptable ranges may be termed 

process design space. 

While developing a strategy for investigating both product design and 

understanding and process design and understanding, studies can be designed 

in such a way that both the objectives of product and process understanding 

are achieved simultaneously. In addition, an interactive (or interdependent) 

relationship among material attributes, process parameters, and product 

attributes can be more easily developed when such analyses are performed in 

carefully planned and designed experimental studies. ICH Q8 (R2) defines 

design space as the multidimensional combination and interaction of input 

variables (e.g., material attributes) and process parameters that have been 

demonstrated to provide assurance of quality. Parameter movements that 
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occur within the design space are not subjected to regulatory notification. 

However, movement out of the design space is considered to be a change and 

would normally initiate a regulatory postapproval change process. Design 

space is proposed by the applicant and is subject to regulatory assessment and 

approval. Thus, design space is the direct outcome of analysis of the DoE data 

or validated models such as first-principle models. Design space may be scale 

and equipment dependent. Therefore, the design space determined at 

laboratory scale may need to be justified for use at commercial scale. 

Approaches for justification may include geometric considerations, kinematic 

considerations, heat and mass transfer, or dimensionless numbers as well as 

continual verification during commercial manufacturing. Justification is 

needed because the mechanistic understanding of pharmaceutical unit 

operations may be limited and scale-up is largely based on general rule of 

thumb and trial-and-error approaches; however, when mechanistic 

understanding or reliable empirical models (i.e., extensive process 

understanding) exists, then the design space can be translated across scale. 

 

Fig 2: Link input critical material attributes (CMAs) and critical process parameters 

(CPPs) to output critical quality attributes (CQAs) for a unit operation 

Pharmaceutical products are frequently manufactured by a combination 

of unit operations. For example, tablets prepared by direct compression may 

simply involve blending and compression. However, when tablets are 

prepared by wet granulation, unit operations may involve blending, 

granulation, wet milling, drying, dry milling, blending for lubrication, 

compression, coating, and packaging. In such cases, the output of the first unit 

operation becomes an input of subsequent unit operations. Process 

understanding could be conducted on each unit operation or a combination of 

unit operations to determine CMAs, CPPs, and CQAs [22]. 

 



 

Page| 15 

Control Strategy  

The knowledge gained through appropriately designed development 

studies culminates in the establishment of a control strategy. Level 1 utilizes 

automatic engineering control to monitor the CQAs of the output materials in 

real time. This level of control is the most adaptive. Input material attributes 

are monitored and process parameters are automatically adjusted to assure that 

CQAs consistently conform to the established acceptance criteria.  

Level 1 control can enable real-time release testing and provides an 

increased level of quality assurance compared to traditional end-product 

testing. It should be noted that adoption of process analytical technology 

(PAT) is not the only way to implement real-time release testing (e.g., the use 

of predictive models as a surrogate for traditional release test, where the model 

may be defined in terms of traditional in-process measurements). 

Level 2 consists of pharmaceutical control with reduced end-product 

testing and flexible material attributes and process parameters within the 

established design space. QbD fosters product and process understanding and 

facilitates identification of the sources of variability that impact product 

quality. Understanding the impact that variability has on in-process materials, 

downstream processing, and drug product quality provides an opportunity to 

shift controls upstream and to reduce the reliance on end-product testing. 

Level 3 is the level of control traditionally used in the pharmaceutical 

industry. This control strategy relies on extensive end-product testing and 

tightly constrained material attributes and process parameters. Due to limited 

characterization of the sources of variability and inadequate understanding of 

the impact that CMAs and CPPs have on the drug product CQAs, any 

significant change in these requires regulatory oversight. Significant industry 

and regulatory resources are spent debating issues related to acceptable 

variability, the need for additional controls, and the establishment of 

acceptance criteria. In reality, a hybrid approach combining levels 1 and 2 can 

be used. ICH Q8 (R2) defines a control strategy as a planned set of controls, 

derived from current product and process understanding that ensures process 

performance and product quality. 

 Control of input material attributes (e.g., drug substance, excipient, in 

process material, and primary packaging material) based on an 

understanding of their impact on process ability or product quality. 

 Product specification 

 Controls for unit operations that have an impact on downstream 
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processing or product quality.  

 In-process or real-time release testing in lieu of end-product testing. 

 A monitoring program for verifying multivariate prediction models. 

Process Capability and Continual Improvement  

Process capability measures the inherent variability of a stable process 

that is in a state of statistical control in relation to the established acceptance 

criteria. Table II shows the definition, calculation formula, and description of 

process capability indices [23] that are useful for monitoring the performance 

of pharmaceutical manufacturing processes. Calculations based on the 

inherent variability due to common cause of a stable process (i.e., in a state of 

statistical control) result in process capability (Cp and Cpk) indices. When the 

process has not been demonstrated to be in a state of statistical control, the 

calculation needs to be based on sample standard deviation of all individual 

(observed) samples taken over a longer period of time; the result is a process 

performance index (Pp and Ppk). A state of statistical control is achieved when 

the process exhibits no detectable patterns or trends, such that the variation 

seen in the data is believed to be random and inherent to the process.[24] 

When a process is not in a state of statistical control, it is because the 

process is subject to special cause (source of intermittent variation in a 

process). Special causes can give rise to short-term variability of the process 

or can cause long-term shifts or drifts of the process mean. Special causes can 

also create transient shifts or spikes in the process mean. On the other hand, 

common cause is a source of inherent variation that is random, always present, 

and affects every outcome of the process. In a QbD development process, the 

product and process understanding gained during pharmaceutical 

development should result in early identification and mitigation of potential 

sources of common cause variation via the control strategy. The 

manufacturing process will move toward a state of statistical control, and, 

once there, the manufacturer will continue to improve process capability by 

reducing or removing some of the random causes present and/or adjusting the 

process mean towards the preferred target value to the benefit of the patient. 

In a non-QbD approach, common cause variation is more likely to be 

discovered during commercial production and may interrupt commercial 

production and cause drug shortage when it will require a root cause analysis. 

 Process capability can be used to measure process improvement through 

continuous improvement efforts that focus on removing sources of inherent 

variability from the process operation conditions and raw material quality. 

Ongoing monitoring of process data for Cpk and other measures of statistical 
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process control will also identify when special variations occur that need to be 

identified and corrective and preventive actions implemented. 

Continuous improvement is a set of activities that the applicant carries out 

in order to enhance its ability to meet requirements. Continual improvements 

typically have five phases as follows [25]: 

 Define the problem and the project goals, specifically. 

 Measure key aspects of the current process and collect relevant data. 

 Analyze the data to investigate and verify cause-and effect relationships. 

Determine what the relationships are, and attempt to ensure that all factors 

have been considered. Seek out root cause of the defect if any.  

 Improve or optimize the current process based upon data analysis using 

techniques such as design of experiments to create a new, future state 

process. Set up pilot runs to establish process capability.  

 Control the future state process to ensure that any deviations from target 

are corrected before they result in defects. Implement control systems 

such as statistical process control, production boards, visual workplaces, 

and continuously monitor the process. Continuous improvement can be 

applied to legacy products. Legacy products usually have a large amount 

of historical manufacturing data. Using multivariate analysis to examine 

the data could uncover major disturbances in the form of variability in 

raw materials and process parameters. Continuous improvement could be 

achieved by reducing and controlling this variability. Newer processes 

associated with a design space facilitate continuous process improvement 

since applicants will have regulatory flexibility to move within the design 

space (ICH Q8). 

Pharmaceutical quality by design tools 

Prior Knowledge 

Although not officially defined, the term “prior knowledge” has been 

extensively used in workshops, seminars, and presentations. In regulatory 

submissions, applicants often attempt to use prior knowledge as a “legitimate” 

reason for substitution of scientific justifications or conducting necessary 

scientific studies. Knowledge may be defined as a familiarity with someone 

or something, which can include information, facts, descriptions, and/or skills 

acquired through experience or education. The word “prior” in the term “prior 

knowledge” not only means “previous,” but also associates with ownership 

and confidentiality, not available to the public. Thus, for the purpose of this 

paper, prior knowledge can only be obtained through experience, not 
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education. Knowledge gained through education or public literature may be 

termed public knowledge. Prior knowledge in the QbD framework generally 

refers to knowledge that stems from previous experience that is not in 

publically available literature. Prior knowledge may be the proprietary 

information, understanding, or skill that applicants acquire through previous 

studies.  

Risk Assessment 

ICH Q9 quality risk management indicates that “the manufacturing and 

use of a drug product, including its components, necessarily entail some 

degree of risk. The evaluation of the risk to quality should be based on 

scientific knowledge and ultimately link to the protection of the patient and 

the level of effort, formality, and documentation of the quality risk 

management process should be commensurate with the level of risk.” The 

purpose of ICH Q9 is to offer a systematic approach to quality risk 

management and does not specifically address risk assessment in product 

development The risk assessment tools identified in ICH Q9 are applicable to 

risk assessment in product development also. The purpose of risk assessment 

prior to development studies is to identify potentially high-risk formulation 

and process variables that could impact the quality of the drug product. It helps 

to prioritize which studies need to be conducted and is often driven by 

knowledge gaps or uncertainty. Study results determine which variables are 

critical and which are not, which facilitates the establishment of a control 

strategy. The outcome of the risk assessment is to identify the variables to be 

experimentally investigated. ICH Q9 [26] provides a non-exhaustive list of 

common risk assessment tools as follows: 

 Basic risk management facilitation methods (flowcharts, check sheets, 

etc.) 

 Fault tree analysis  

 Risk ranking and filtering. 

 Preliminary hazard analysis  

 Hazard analysis and critical control points. 

 Failure mode effects analysis 

 Failure mode, effects, and criticality analysis & Hazard operability 

analysis & Supporting statistical tools. 
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Mechanistic Model, Design of Experiments, and Data Analysis 

Product and process understanding is a key element of QbD. To achieve 

these objectives, in addition to mechanistic models, DoE is an excellent tool 

that allows pharmaceutical scientists to systematically manipulate factors 

according to a pre specified design. The DoE also reveals relationships 

between input factors and output responses. A series of structured tests are 

designed in which planned changes are made to the input variables of a process 

or system. The effects of these changes on a predefined output are then 

assessed. The strength of DoE over the traditional univariate approach to 

development studies is the ability to properly uncover how factors jointly 

affect the output responses. DoE also allows us to quantify the interaction 

terms of the variables. DoE is important as a formal way of maximizing 

information gained while minimizing the resources required. DoE studies may 

be integrated with mechanism-based studies to maximize product and process 

understanding. When DoE is applied to formulation or process development, 

input variables include the material attributes (e.g., particle size) of raw 

material or excipients and process parameters (e.g., press speed or spray rate), 

while outputs are the critical quality attributes of the in-process materials or 

final drug product (e.g., blend uniformity, particle size or particle size 

distribution of the granules, tablet assay, content uniformity, or drug release). 

DoE can help identify optimal conditions, CMAs, CPPs, and, ultimately, the 

design space. FDA scientists have shown the use of DoE in product and 

process design in recent publications.  

Process Analytical Technology 

 The application of PAT may be part of the control strategy [27]. ICH Q8 

(R2) identifies the use of PAT to Understanding Pharmaceutical Quality by 

Design 781 ensure that the process remains within an established design space. 

PAT can provide continuous monitoring of CPPs, CMAs, or CQAs to make 

go/no go decisions and to demonstrate that the process is maintained in the 

design space. In-process testing, CMAs, or CQAs can also be measured online 

or inline with PAT. Both of these applications of PAT are more effective at 

detecting failures than endproduct testing alone. In a more robust process, 

PAT can enable active control of CMAs and/or CPPs, and timely adjustment 

of the operating parameters if a variation in the environment or input materials 

that would adversely impact the drug product quality is detected. 
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Application of PAT involves four key components as follows: [28] 

 Multivariate data acquisition and analysis 

 Process analytical chemistry tools 

 Process monitoring and control 

 Continuous process optimization and knowledge management. 

Multivariate data acquisition and analysis requires building scientific 

understanding about a process and identifying critical material attributes and 

process parameters that affect product quality and integrating this knowledge 

into the process control, which is essentially the same as the process 

understanding in the context of QbD. Process analytical chemistry tools 

provide real time and in situ data about the status of the process. Multivariate 

data analysis takes the raw information from the PAT tools and connects it to 

CQAs. Based on the outcome of the data analysis, process controls adjust 

critical variables to assure that CQAs are met. The information collected about 

the process provides a basis for further process optimization. Studies in FDA 

laboratories indicated the promise of several PAT tools and chemometric 

approaches. [29] During the last decades, a sharp increase in the use of the 

Quality by Design (QbD) concept was observed in the titles of pharmaceutical 

technology and engineering papers. Quality cannot be tested into the final 

product but it should be built in by design. Nowadays, Pharmaceutical 

development moves away from the traditional quality by testing (QbT) 

towards quality by design (QbD) [30]. 

QBD approach in development and optimization of rosigilatazone 

maleate 

Qbd approach decreases the defects and variability in products by setting 

quality target product profile (QTTP) process, by understanding its product 

design, risk assessment, control strategy and continual improvement. 

Setting up of QTTP for the formulation  

Based on the reference list drug, targets and requirements are set up.it 

includes routes of administration, strength, drug releases. 

Study of CQA of formulation and process  

When the critical quality attributes are controlled, the requirements of a 

developed and formulated product such as safety, efficacy, performance, 

stability are satisfied. Only the crucial quality attributes should be identified. 

Initially risk assessment was made and the manufacturing process has been 

not established in detail for the development of formulation. Risks were rated 
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based on assumption that for each formulation attribute that changed on 

optimized manufacturing process would be established. Critical variables are 

polymer levels (carbopol 934, Sodium carboxymethyl cellulose, ethyl 

cellulose) in the formulation as well as talc and magnesium stearate levels. 

Hardness, Drug release and ex-vivo muco-adhesion time were considered as 

process variables. 

Formulation development  

Defining design space  

ANOVA was used to study the effect of independent variables on 

dependent variables and to generate space based on contour plots. 

Defining control strategy 

The controls include parameters and attributes such as drug substance, 

drug product, and materials.A cost effective formula is selected with minimal 

trials based on QbD approach [31]. 

Quality by design approach in formulation and development of 

aceclofenac loaded microsponges 

Microsponge is defined as porous, inert units which are made up of 

synthetic polymers and act as a shield to the ensure drug from degradation 

which can be easily entrapped in the form of creams, lotions, and powders [32]. 

Topical polymeric Microsponge formulation of Aceclofenac was formulated 

using ethyl cellulose and eudragit ES 100. Solubility analysis of drug and 

polymer reveals that the internal phase suitable for the preparation of 

microsponges was acetone and external phase should be liquid paraffin. To 

produce microsponges with good physical and morphological characteristics 

the required polymer concentration was found to be 11% and 13% w/w of the 

internal phase for both the polymers. The volume of internal and external 

phase required to prepare good microsponges was found to be 20mL of 

internal and 50mL of the external phase. The minimum concentration of the 

emulsifier PVA required to produce microsponges was found to be 0.75% w/v. 

The minimum speed and time of stirring was found to be 2000 rpm for 90 

Min. The ratio of drug: polymer required to produce microsponges with good 

encapsulation efficiency was found to be from 7:1 to 13:1. Below this ratio, 

the microsponges formed had low capacity encapsulation of the drug. Above 

this range there was no further increase in the encapsulation efficiency. Hence, 

it was concluded that 11: 1 to 13: 1 were optimum ratios of drug: polymer to 

produce good microsponges. Critical quality attributes such as selection of the 

type and concentration of emulsifier, selection of internal and external phase, 
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selection of speed and time of stirring required for preparation were identified 

and was used to develop QbD approach[33]. In factorial design, the amount of 

drug (ACF): polymer (EC) ratio (X1), amount of PVA Concentration (X2), 

Internal Phase Concentration (X3) and Speed (X4) were taken as independent 

variables while percentage yield (Y1), percentage E. E (Y2). Particle sizes 

(Y3), percentage cumulative drug release (Y4) were selected as dependent 

variables for both factorial designs. The microsponges after check point 

analysis which gave better physical, morphological and % encapsulation in 

either of the polymers were selected for incorporation into the gel. The release 

profile of the Aceclofenac in the form of microsponges loaded topical gel was 

compared with that of the pure Aceclofenac Topical Gel. The microsponges 

topical gel could sustain the drug release over a period of 8 hours when 

compared to the 96% release after 6 hrs from the pure Aceclofenac. By model 

fitting of the data obtained from the drug release profile we can conclude that 

drug release mechanism was Higuchi (Matrix) Model [34]. 

Quality by design in the development of dry powder inhalers  

A dry powder inhaler is a formulation –device combination delivery 

system and is defined as “the product comprised of two or more regulated 

components that are physically, chemically or otherwise combined or mixed 

and produced as a single entity. Dry powder inhalers are complex formulations 

as compared to conventional dosage forms [35]. Firstly device and formulation 

interconnecting features should work together to aerosolize the drug and 

deliver it to the site of action. Apart from this, patient behaviour also plays a 

significant role in the product delivery, deposition in the lungs and hence 

bioavailability. The breathing pattern and the disease pathology could 

significantly affect the dose assumption especially when a DPI with flow rate 

dependent performance is used. The product quality in terms of respirable 

dose may be affected by the improper product handling by the patient. 

Handling errors of inhaler devices are common in real life and are associated 

with an increased rate of severe COPD exacerbation. QbD tools help in 

understanding of the interaction of the two product components and in 

monitoring their contribution on the product performance enabling the 

minimization of the patient errors during the device preparation and inhalation 
[36].  

Secondly, the DPI manufacturing process exhibit low process capability. 

Variability is large as compared to the product specifications and it should be 

redesigned to attenuate the significant root causes of variance. Many DPI 

formulations are physical mixtures of a coarse carrier, usually α-lactose 

monohydrate and a micronized low dose of API with an aerodynamic particle 
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size ranging between 1 and 5μm. This limitation favours lack of API 

homogeneity in the original blend and during powder dosing either in the unit 

dose or device reservoir. The weight variability during capsule or blister 

fillings is also a potential risk factor due to the rheological characteristics of 

the fines and the low dose requirements of the powder mixture [37].  

Thirdly, QbD tools could be particularly helpful in DPIs development 

because environmental humidity is a crucial factor that needed to be 

considered during the development and production stages since it negatively 

affects both the chemical stability of the API and the aerosolization of the 

powder bed. The adsorption of water on the surface of microparticles has a 

significant impact on the capillary forces, solid bridge formation and 

electrostatic forces. High relative humidity may increase inter-particulate 

forces due to increased capillary interactions resulting in the formation of 

larger agglomerates which are less breakable. Lactose monohydrate may 

dissolve and then recrystallize resulting in solid bridges among crystals 

producing stronger agglomerates that do not disperse in an air flow [38].  

The Critical Material Attributes (CMAs) refer to properties of the raw 

materials important for the DPI product such as the API crystal form, purity, 

stability and particle size distribution. The Critical Process Parameters (CPPs) 

are the process variables such the mixing time/rate, the spray drying operating 

conditions etc. which have a major impact to the selected CQAs. One of the 

key components consisting the various phases of the QbD initiative is the Risk 

Assessment (RA).RA is a systematic process of organizing information to 

support a risk decision and is a key activity of the QbD based methodology. It 

is a very valuable tool that contributes to gaining process knowledge by 

identifying and ranking the criticality of the parameters affecting this process 

through DoE and other mathematical tools. Ranking the variables in terms of 

their importance on products. Quality from a patient perspective,is usually 

based on assessing the Risk Priority number (RPN)[39].The most important 

sources of variability in DPIs development and production can be categorised 

as follows: 

1. Quality characteristics of drug substance and excipients  

 Microparticles production process (milling, mechanofusion, spray 

drying.)  

 Powder manufacturing process (API-carrier blending, soft pellets 

production.)  

 Device filling process  

 Environmental conditions  
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 Design of the delivery device  

 Primary packaging materials  

The physicochemical properties of the drug substance play a significant 

role in powder handling, its aerosolization after inhalation and its fate in vivo. 

Different polymorphs and crystallinities affect solubility and absorption of the 

API. Particle size distribution and other physicochemical properties are the 

other critical parameters that should be considered for assuring delivery of the 

API to the target site of a specific disease. The same features are equally 

important for the excipients when used. Carriers have an active role in DPIs 

clinical performance and their particle size distribution, shape and surface 

characteristics are engineered to meet specific requirements. It is thus 

becoming obvious how many variables are affecting the performance of a DPI 

and consequently the absolute need to manage the whole process with the 

“statistical thinking hat” while looking only towards the patient [40].  

The effect of processing methods, such as jet milling, mechanofusion, ball 

milling and spray drying, and type of excipients (leucine, isomalt and 

magnesium stearate) was investigated using principal component analysis 

(PCA)and other statistical parameters like moisture uptake, particle size, 

densities, Hausner ratio, Carr's index, cohesion, fine particle dose(FPD)and 

fine particle fraction (FPF). The PCA approach allow the discrimination 

among the branches. considering FPD and FPF as the most important 

parameters for the characterization of the in vitro powder aerosolization, the 

jet milling combined with mechanofusion, in presence of leucine or 

magnesium stearate, produced particles with better performance. Spray drying 

powder having excellent aerosolization property show a reduced drug load due 

to higher amount of the excipients required to optimize the aerodynamic 

pattern. Milling is a common process used to micronize APIs before blending 

with excipients. This multivariate process can be individually studied using 

DoE, as it drastically affects the quality of the powders and their behaviour. A 

crystalline material is preferred as starting material and the most common 

CPPs to vary and investigate are milling (or grinding nozzle) pressure, feed 

(or pushing nozzle) pressure and feed rates [41].  

The optimization of air-jet milling process of ibuprofen using DoE 

methodology was recently performed applying a CCD where the grinding and 

pushing nozzle pressures were varied from 20 to 110 psi.Output variables 

included yield and particle diameters at the 50th and 90th percentile. The DoE 

approach elucidated the optimal milling conditions, which were used to 

micronize another non-steroidal anti-inflammatory drug using the optimized 
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milling conditions. The milled ibuprofen powders showed a high in vitro 

respirability (FPF of 67–85%). Importance of powder milling was pointed out 

and conditions during storage duration and temperature significantly affected 

performance. 

 A screening DoE as a statistical tool for the exploration of amikacin spray 

drying process, through the establishment of mathematical relationships 

between six CQAs of the finished product and five CPPs. The surface-active 

excipient did not benefit the CQAs of the spray dried powders for inhalation. 

The spray drying feed solution required the inclusion of 10% (v/v) ethanol in 

order to produce powders with the desired aerodynamic performance. The 

Pareto chart illustrated the effect on FPD of each factor and their interactions. 

The presence of the surface-active excipient (factor D) had a large negative 

effect on powder's respirability. But interaction between excipient presence 

and ethanol content (CD) had a positive effect and it was identified as the only 

statistically positive interaction. Finally, the drying temperature (factor A) 

increased the amount of deposited powder smaller than 5μm. An optimization 

work followed and a CCD was applied in order to identify positive 

combinations of the production parameters of amikacin spray-dried powders 

with the intent to expand the experimental space defined in the previous half 

fractional factorial design. It was observed that amikacin respirability was 

maximized by the addition of ethanol. Expanding the design space towards 

smaller ethanol levels, including its complete absence, revealed the crucial 

role of this solvent on the morphology of the produced particles. Peclet 

number and drug solubility in the spraying solution helped to understand the 

formation mechanism of these amikacin spray-dried particles: amikacin is 

poorly soluble in water ethanol mixture therefore accumulating and 

precipitating at the surface, resulting in shell particle formation with voids and 

low density. A similar finding was published when mixtures of acetone and 

methanol at different molar ratios were applied to dissolve celecoxib and 

PLGA: the drug and polymer molecules exhibited different diffusion rates 

during the process of particle formation, resulting in a non-homogenous drug 

distribution in the resulting particles (Wan et al., 2013). Within the same 

context a central composite face centred design (CCF) with five factors at 

three levels was built to investigate the spray drying parameters and insulin 

concentration on the product characteristics. DoE and multivariate data 

analysis (MVDA) were employed to study the effect of process parameters on 

the characteristics of spray dried insulin particles. The work illustrates the use 

of the principal component analysis (PCA) to visualize differences and 

correlations in the spray-dried samples. PCA is a projection method used to 



 

Page| 26 

reduce complexity and to visualize patterns in complex data sets. It was 

observed that the first three principal components described 74% of the total 

variation in the data set, which originated from insulin concentration (PC1), 

inlet drying air temperature (PC2) and nozzle gas flow rate (PC3). A loading 

plot of PC1 and PC2 described the relationship between observations and 

variables: MMAD, mass median diameter, yield, tap density and droplet size 

all increased with increasing insulin concentration, whereas the degradation 

product “high molecular weight protein” content decreased with increasing 

insulin concentration [42].  

A mannitol based co-spray dried formula was produced with different 

excipients and meloxicam as the model active agent. The RA performed and 

the interdependence between QTPPs and CQAs, and between CQAs and CPPs 

was structured, evaluated one by one and then the interaction was rated on a 

three-level scale. This scale reflected the impact of the parameters' interaction 

on the product as high, medium or low. Pareto diagrams showed the ranked 

parameters according to their potential impact on product quality. Particle size 

of the API had the highest impact on the desired quality of the final product. 

It was followed by pulmonary irritation or toxicity properties, wettability and 

solubility. Microcomposite meloxicam particles were prepared by high 

pressure homogenization and cospray drying. The optimization of the coating 

composition with mannitol, PVA and leucine resulted in decreased toxicity 

and irritation of meloxicam and also increased the wettability. A QbD risk 

based approach was also employed in the construction of a ciprofloxacin DPI. 

The interdependent rating of the QTPPs and CQAs was calculated using a 

specific RA software. Pareto charts also give a graphical overview of the 

hierarchy of CQAs and CPPs based on their calculated numerical difference 

of their influence on the aimed quality of the finished product. The particle 

size of the API was the factor with the highest impact on the quality of the 

final product. This factor was followed by wettability and dissolution 

properties. Among the CPPs for the product construction by spray drying, the 

powder composition and in particular the type of adjuvant,was found to have 

the highest impact on the desired product's quality. The principles of QbD, 

using DoE were also applied to prepare and optimize proliposomal DPI [43].  

The rifapentine loaded proliposomes for the treatment of tuberculosis 

were prepared in a single step by spray drying method and the independent 

variables were optimized using a factorial design approach. The work 

investigated the effect of drug: hydrogenated soya phosphatidylcholine ratio 

and type of charged lipid on the CQAs, namely mass median diameter, 

liposomal vesicle size, encapsulation efficiency, MMAD and FPF. Contour 
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plots and multiple regression analysis were used to explain the effect of 

selected independent variables on dependent variables. Contour plot is a 

graphical technique for representing a 3-dimensional surface by plotting 

constant z slices, called contours, on a 2dimensional format. That is, given a 

value for z, lines are drawn for connecting the (x, y) coordinates where that z 

value occurs. The contour plot is an alternative to a 3-D surface plot. The 

results showed that both the independent variables were found influencing 

positively MMAD and negatively the FPF values. Within the same field, a 

QbD approach was adopted to the production process of liposome-based 

cationic adjuvant formulation These types of structures aim to be carriers of 

vaccines capable of eliciting both humoral and cell-mediated immune 

responses againstco-administered antigen.The applied DoE allowed for the 

identification of the optimal operating space (OOS) suitable for the production 

of a final product with the desired CQAs. The operating space is the best set 

of parameters inside the control space, determined statistically, which enable 

to accommodate and minimize any natural variability in CPPs and CQAs. In 

this work the OOS was given by a feed flow rate (1.5 mL/min), a low outlet 

temperature (75 °C), a medium aspirator rate (90%) and in the area of low 

feedstock concentration and high atomizing air-flow [44]. 

QBD in the development of antibiotics and antimalarials 

Quality‐by‐design (QbD) approach was used in development of 

combination therapy for antimalarial-antibiotics using Azithromycin 

(Antibiotics) and Chloroquine (Antimalarial) drugs. The design space is 

defined as a manufacturing area of the product including Equipment, Material, 

and Operators and Manufacturing Conditions. The design space should be 

well defined prior to regulatory approval. For responses dissolution at 45 

minutes performed and no significant difference observed. Complete release 

observed at these time points. Binder addition time had a significant impact 

on disintegration time and tablet dissolution at 45 min. Dissolution decreased 

with increasing binder addition time. Binder addition time and Kneading time 

showed impact on tablet disintegration time dissolution at 45 min. Kneading 

time has significant impact on tablet dissolution at 45 min. Conclusion: The 

experiments performed by Quality by Design are sufficient to identify the 

critical process parameters and design space to have good quality product [45]. 

QBD in the development of antitubercular drugs  

The gastro-retentive drug delivery system can improve controlled 

delivery of the drugs by continuously releasing the drug for a longer period of 

time at the absorption site ensuring its optimal bioavailability. Rifampicin is 
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the vital component in the current therapeutic for dormant TB bacilli and is 

currently one of the frontline drugs recommended by WHO. It has many 

pitfalls like short half-life, adverse effects pH-dependent degradation, 

bioavailability problems and concentration dependent auto-induction of its 

own metabolism resulting decreased bioavailability after repeated oral 

administrations. Rifampcin is an antimicrobial agent and it should be released 

initially as loading dose to achieve its minimum inhibitory concentration 

(MIC) to elicit required therapeutic effect in body. A minimum of 17.11 % 

should be released as initial loading dose theoretically. Risk assessments using 

failure mode and effects analysis was done to depict the effects of specific 

failure modes. A box –Behnken design was used to investigate the effect of 

amount of sodium bicarbonate, pore former HPMC and glyceryl behenate on 

percent drug release and floating lag time. A BBD with 3 factors,3 levels and 

15 runs was selected for the optimization study Percent drug release in 1 

hours,4 hours,8 hours,floating lag time were selected as dependant variables 

were selected as dependent variables while floating duration will be observed 

for each Design of experiments (DOE) and will be correlated with other 

dependent variables..All statistical treatments of DoE were performed using 

Design expert software.Main plots, interaction plots residual plots and 

overlaid contour plots were generated using Minitab software.All 

experimental trials were randomized to exclude any bias. Further the model 

was evaluated for best fit using parameters, coefficient of determination, 

adjusted, predicted, adequate precision. The manufacturing method employed 

is relatively simple and can easily be adopted in industries [46]. 

Isoniazid 

Critical quality attributes depend on dosage form designed, type of 

formulation and manufacturing method and is selected amongst many possible 

options. An overall risk assessment of the formulation or process variables 

was executed using FMEA method. Using method the failure modes can be 

identified that could have great [47] 

QBD approach in the development of topical cream formulation  

There is a growing interest in increasing the standards of dosage forms 

through implementation of more structured development and manufacturing 

procedures. QbD is recognized as a revoluntary approach to product 

development and manufacturing. Dosage forms for topical application are 

intended to produce the required therapeutic action at specific targets in the 

with least side effects. Creams and emulsions represent a promising 

pharmaceutical vehicle for skin drug delivery in spite of their thermodynamic 
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instability. It remains a challenge for pharmaceutical technology. A cream is 

a semisolid emulsion containing one or more active substances, dissolved or 

dispersed and may be defined as a biphasic system in which the dispersed or 

internal phase is finely and uniformly dispersed in the continuous or external 

phase. According to the dispersed phases nature it is of two types ; an oil-in –

water cream or a water –in –oil cream[48].Pharmaceutical industries have spent 

significant efforts to ensure product quality and to yield pharmaceuticals as 

cost efficient as possible. They perform sophiscated processes and 

technologies and it does not present a rational understanding of critical 

variables and control strategies which is necessary to ensure the product 

quality. Employing QbD principles to a complex formulation such as cream, 

an effective product development with an optimized formulation ad a 

continuous and robust manufacturing processes can be easily achieved. The 

initial step is to predefine the final quality profile. QTPP comprises cream 

quality parameters that should be ideally achieved at the final stage of the 

product development, considering its safety and efficacy. The second step is 

to identify critical quality parameters. Once the dosage form is selected, the 

product development using QbD approach is initiated The main purpose of the 

product design is to develop a robust cream that can therapeutic objectives and 

quality attributes, remaining stable over long period of time. The 

physicochemical and biological properties of drug substance have a significant 

effect on drug product performance. These properties must be identified to 

produce the right dosage form and to select appropriate drug concentration, 

excipients and process parameters. During pre-formulation studies, properties 

such as solubility partition coefficient, particle size, permeability, melting 

point and molecular weight need to be identified due to their specific role I 

percutaneous permeation. The quality attributes of drug substance will ensure 

that the drug product meet its CQAs and must be controlled within the defined 

specifications. Special consideration must be given to excipient selection 

because of their influence on the final product performance and stability.in 

cream formulation, excipients are used to improve drug solubility and to 

incorporate it at the target site (solvents), to control drug release and cream 

viscosity (thickeners), to improve drug skin permeability (chemical 

permeation enhancers) to enhance drug and formulation stability 

(antioxidants, emulsifiers and buffers) and to prevent microbial growth and 

contamination (preservatives). At this stage, special consideration must be 

given to drug solubility because it will dictate the excipient selection due to 

its impact on diffusion through each skin environment and release pattern from 

the dosage form vehicle, final cream uniformity and stability. Compatibility 

among excipients and drugs must be evaluated to anticipate any stability 
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features and possible incompatibilities in the final formulation. There are 

different accepted methods for drug and excipients compatibility analysis. The 

accelerated stability test is the common to evaluate chemical incompatibility 

for topical formulation development. During cream formulation production, 

the first mechanical process carried out is the mixture of both the aqueous 

solution and oily phases by adding the dispersed to the continuous phases or 

the continuous to the dispersed phase. Prior to mixing, different excipients are 

dissolved in the phase in which they are soluble. The next step in cream 

production is the homogenisation phase. Agitators, mechanical mixers, rotor 

stators, homogenizers or ultrasonic devices could be employed to ensure 

uniform excipient dispersion and droplet size reduction. To remove cream air 

pockets, a deration through vacuum with low speed mixing is turned on to the 

system. Homogenisation time and vacuum pressure are significant process 

variables that can affect physical stability. Visual inspection is a useful and 

simple confirmatory test to ensure solid dissolution or uniformity system. 

Microscopic visualizations can also be performed to select homogenization 

speed and time to enable proper incorporation of the active substance into the 

base. 

 An initial risk assessment is performed to identify and prioritize high risk 

variables that may influence identified cream Critical quality attributes. It is 

done to determine the material attributes and process parameters that are 

critical and the ones which are needed to be experimentally investigated and 

controlled to ensure quality. Using risk approach, the starting point must be 

identification of all material attributes and process parameters that can 

influence product CQAs to ascertain which of these parameters needed to be 

further studied and controlled, an ishikawa diagram is constructed. A risk 

estimation matrix is carried out to prioritize material attributes and process 

parameters that were demonstrated to be a potential risk factor for cream 

CQAs. CMAs and CPPs influence one or more cream CQAs and it must be 

identified to develop an adequate cream formulation. Critical variable 

identification is the preliminary step in the optimization methodology and is 

established through a screening process. A screening design is an experimental 

planning where a relatively large number of factors is simultaneously 

evaluated using a small number of experiments. Different experimental 

designs such as full factorial, fractional factorial and placett –burmann designs 

are usually used for screening purposes. Variable that show criticality in the 

previous phase are optimized through a DoEs. The optimization step helps to 

specify CMAs and CPPs optimal settings. Response surface designs such as 

central composite design and box behnken are the most usual models to 

predict the optimal CMAs and CPPs ranges Software packages are available 
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to simplify experimental design procedure and assist in results interpretation: 

MODDE, Design expert Design –Ease and JMP [49]. 

QBD approach in development of acyclovir microsponges 

Acyclovir is a potent, specific antiviral drug which is active against herpes 

simplex viruses’ types I and II and varicella zoster virus1. QbD was applied 

to generate design space, using QTPP, CQA, and risk assessment. 

Microsponges of acyclovir were developed by 23 factorial designs. Three 

variables Drug: Polymer ratio (X1), Concentration of surfactant (X2) and 

Stirring speed (RPM) (X3) at two levels low and high were selected and 

response surface plots were generated. The microsponges were prepared by 

Quassi-emulsion solvent diffusion method. Various characterizations that 

were carried out include entrapment efficiency, percentage yield, particle size 

determination, in-vitro drug release studies and kinetic modelling of drug 

release. Statistical analyses of batches and surface response studies were done 

to understand the effect of various independent variables on the dependent 

variables. Lastly it was concluded that microsponges of Acyclovir using QbD 

approach were successfully developed [50]. 

QBD approach in development of sterile dosage forms 

The first step is to define the product performance upfront and identify 

CQAs. Sterility testing ensures sterility of that particular unit, but does not 

ensure sterility of the dosage form. Sterility is ensured only by process 

validation. This emphasizes an application of QbD to SDFs. Primary and 

secondary packaging have to be designed according to patient requirements. 

The packaging process has to be developed to produce assurance of quality. 

Control space dictates process control, the control of input materials and 

container closure system, and the control of the end point. The following are 

few examples of the impact of primary packaging materials on the quality 

attributes of SDFs. The primary concern of any packaging is the extractable 

and leachables. It is more important for SDFs. The primary or secondary 

packaging material is expected not to provide toxic or harmful components in 

the formulation. Some of the commonly observed unwanted components are 

– plasticizers, heavy metals, phthalates, and polyaromatic hydrocarbons. 

Guidance for Industry titled – “Container Closure Systems for Packaging of 

Human Drugs and Biologics” provides guidance on the information of 

packaging materials needed on drug products [4]. Attachment C of the 

guidance provides information on various extraction studies. It is important to 

obtain qualitative and quantitative profiles on plastics and elastomers to be 

used as the packaging components. The following tests are recommended - 
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USP <661> and USP <381> for the characterization of plastics and 

elastomers, respectively, and USP <87> and USP <88> for the biological 

reactivity of plastics and elastomers, respectively. The leachable can also 

come into the product from an indirect contact (e.g., imprinting on the bottle 

or adhesives, inks or varnish from labels) or from surrounding air.The QbD 

principles were applied to a packaging system which was utilized for 12 

products. It was observed that when operated within the design space, the 

leachable profile was predictable. The Lyophilization process provides unique 

advantages and has been used in many products. In this article, lyophilization 

is considered as a packaging step rather than a part of formulation 

manufacturing. In a research article by Mockus et al. [12], Bayesian treatment 

was added to the primary drying modeling. There are three critical steps in 

freeze-drying:  

 Freezing of the drug solution in partially stoppered vials, 

 Primary drying to produce a cake, and 

 Desorption phase for secondary drying. 

 During the freezing step, the temperature at which the first crystals of ice 

appear is termed as a nucleation temperature. Nucleation temperature is 

affected by several formulation and process factors. In the primary drying step, 

temperature should not go beyond the eutectic temperature or else the cake 

could collapse. Some of the factors affecting the primary drying could be the 

composition of formulation, pressure differential, rubber stopper resistance for 

water vapor release, heating rate etc. The main goal of this study was to 

determine the duration of primary drying. The number of temperature. Gauges 

and their correct placements are critical in determining the exact primary 

drying end point. In this study, it was shown that the resistance of dry layer 

mass transfer was product specific and it was a function of the nucleation 

temperature. Authors developed a mathematical model to predict the end point 

of primary drying time. In general, for the freeze-drying process, the design 

space would generally vary for different products. Cannon and Shemeley 

studied the effect of vial design on the sublimation rate during the primary 

drying of lyophilisation cycle. The sublimation rate was influenced by the heat 

and mass transfer rates. The composition of glass vials could affect the thermal 

conductivity. Other factors influencing the process were the vial diameter, the 

vial’s bottom radius, and the fill volume. The bottom concavities did not 

substantially influence the sublimation rate. 

Packaging aspects must be considered during the development of SDFs. 

The packaging process parameters may affect the final product quality. During 
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the development of packaging for sterile products, it is important to 

understand the impact of material attributes and process parameters on CQAs. 

It is essential to identify and control the sources of variability. It is also critical 

to continue to monitor these throughout the lifecycle of the product [51]. The 

fat-soluble vitamins lipid injectable emulsion, a parenteral supplement, 

commonly used for hospitalized patients to meet daily requirements of fat-

soluble vitamins. The quality target product profile and critical quality 

attributes were defined based on a comprehensive understanding of fat-soluble 

vitamins lipid injectable emulsions. The emulsions were prepared using a 

high-pressure homogenization method. Critical quality attributes (CQAs) 

were identified using risk assessment tools such as fishbone diagram and risk 

estimation matrix. The assay, mean droplet size, polydispersity index, zeta 

potential, and the volume-weighted percentage of fat greater than 5 μm 

(PFAT5) were identified as CQAs. Accordingly, three critical formulation and 

process parameters for the emulsions were the percentage of emulsifier, 

homogenization pressure, and homogenization recirculation. The design space 

was obtained via a design of experiment (DoE), and an optimum formulation 

was successfully prepared. All physicochemical attributes of the optimal 

formulation were within the design space (i.e., droplet size: 217.2±0.37 nm; 

polydispersity index: 0.115±0.012; PFAT5: less than 0.05%; zeta potential: -

34.6±1.09 mV; and viscosity: 20.95 mPa at 0.1 s-1). The optimal formulation 

remained acceptable physicochemical stability at 25 ± 2°C/60% RH ± 5% RH 

over a 12-month period. Safety of the optimal emulsion was evaluated as 

acceptable through the determination of lysophospholipid content and an in 

vitro haemolysis assay. An optimal lipid injectable emulsion for fat soluble 

vitamins can be successfully prepared using a QbD approach. Fat-soluble 

vitamins lipid injectable emulsion is a complex formulation that needs to be 

developed by using a QbD approach to achieve a high quality and safety 

product. A sensitive HPLC-MS method, DLS and light obscuration techniques 

were used as quality control tools to examine the CQAs of the emulsion, which 

including the assay, droplet size, PDI, zeta potential, and PFAT5. The 

application of DoE was beneficial to understand the impact of variation to 

control the entire process and subsequent quality risks. It was found that the 

percentage of egg lecithin, homogenization pressure, and recirculation were 

the most significant factors affecting the emulsion droplets. Additionally, the 

PFAT5 can be used as a crucial characteristic of the emulsion to direct the 

manufacturing process for the emulsion. The optimal formulation and design 

space established by CDD successfully lay within the QTPP requirements. 

The morphology study, rheology study, and long-term stability study were 

carried out for further evaluation of the emulsion with respect to its physical 
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stability. In the view of all results, a high-quality, safe and stable lipid 

injectable emulsion for fat-soluble vitamins had been prepared by following 

the QbD steps. This study has provided a deep insight into the association 

between parenteral safety issues and an in-depth understanding of lipid 

injectable emulsion [52]. 

Application of QBD approach for erythropoietin alpha purification 

In biopharmaceutical manufacturing, quality should always be targeted to 

ensure safety and efficacy. Design-of-experiments–based approaches have 

been explored to rapidly and efficiently achieve an optimized yield and an 

increased understanding of a product and process variables affecting the 

product’s critical quality attributes in the biopharmaceutical industry; this 

system is known as the quality-by-design approach. Changes in three critical 

process parameters-buffer pH, flow rate, and loading amount were evaluated. 

Process characterization was conducted on a scaled-down model previously 

validated by comparison with data from a large-scale production facility. 

Seven critical quality attributes relative aggregate content, host cell protein, 

host cell deoxynucleotides, endotoxin, Z-value (N-glycan score), relative 

content of charge isomers, and step yield were analyzed. Multivariate 

regression analysis was performed to establish statistical prediction models for 

performance indicators and quality attributes; accordingly, we constructed 

contour plots and conducted a Monte Carlo simulation to clarify the design 

space. As a result of the optimization analysis of the purification process, it 

was confirmed that proven acceptance ranges were optimized as follows: 

loading amount (mg/mL) 0.4–4.0, buffer pH 7.0–8.0, and flow rate (mL/min) 

0.5–1.6[53]. 

Conclusion 

QBD is an important approach to get the quality of the pharmaceutical 

products. QbD approach reduced time consuming in order to prove the quality 

assurance of the pharmaceutical products when compare with conventional 

approach. Therefore, QbD approach is important in the field of modern 

pharmaceutical research. QbD gives idea on all aspects including drug product 

quality profile, input variables for optimization technique, validation of QbD 

methodology, and scale up process using software based QbD. Hence, QbD 

approach can be useful in the field of modern pharmaceutical research to 

produce economic pharmaceutical products with best quality assurance.  
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Para-coumaric acid 
loaded chitosan 
nanoparticles: Its 
neuroprotective 
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Para-coumaric acid is a 
natural phenolic compound 

and found in a variety of 
edible plants and possess 
pharmacological activities. 
However, the clinical use of 
para-coumaric acid is limited 
due to its hydrophobic 
properties, instability and 
limited permeability through 
the blood-brain barrier. The 
development of nanoparticulate 
delivery systems can solve 
some of these limitations. The 

aim of the present study was 
to evaluate the possibility to 
improve the neuroprotective 
effects of para-coumaric 
acid by its encapsulation 
in chitosan nanoparticles. 
The methodology includes 
the formulation of chitosan 
nanoparticles containing 
para-coumaric acid (CN-PCA) 
by the simple ionic cross-
linking method. Formulated 
CN-PCA was subjected to 
characterization such as SEM 
and zeta potential analysis. 
Stability study, in-vitro drug 
release study of formulated 
CN-PCA, was performed. In-
vitro neuroprotective activity 
of formulated CN-PCA was 
studied against neuroblastoma 
cell line (SH-SY5Y) using MTT 
assay. The results indicated 
that F1, F2, and F3 of CN-
PCA were prepared. Based 
on SEM and Zeta potential 
analysis, this study indicated 
that F2 formulation having 
better particle size 120-326nm 

with higher surface area and 
sufficiently stable. Stability study 
showed that F2 formulation was 
stable and in-vitro drug release 
study indicated that percentage 
release of F2 was comparatively 
higher than F1 and F3 due to a 
better particle size with higher 
surface area. The F2 formulation 
of CN-PCA nanoparticles 
showed a neuroprotective 
effect in a dose-dependent 
manner against neuroblastoma 
cell line (SH-SY5Y) using MTT 
assay. In conclusion, CN-PCA 
nanoparticles formulation 
improved its neuroprotective 
activity in-vitro.
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INTRODUCTION: HERB–DRUG INTERACTIONS (HDIs)

Medicinal plants are one of the major agents used for the primary healthcare of

humankind for many centuries for both purposes. Empirical exploration of

plants for their healing properties was well in place centuries before the Romans

and Greeks. The traditional systems like Ayurveda, Siddha, and Chinese

systems of medicines predate them. In the West, various plants were well docu-

mented by Hippocrates and Galen before the advent of modern medicine [1,2].

The upsurge in the use of HMs is a universal phenomenon and is continually

increasing in the modern world. In the recent decades, a new resurgence in

the consumption of natural products (NPs) and herbal supplements (HSs) has

been observed. According to the World Health Organization (WHO), about

70% of the world population currently uses herbs as a complementary or alter-

native medicine. Phytochemicals from the herbal sources remain the basis for

large proportion of the commercial drugs used currently for the treatment of a

wide range of diseases [3,4]. The projected demand for medicinal plants by

the year 2050 will be expected to be approximately US $5 trillion. It is esti-

mated that 60%–70% of the Americans are using herbal products (HPs) for

one medical reason or another [5,6]. The traditional systems of medicines like

Ayurveda, Siddha, Unani, and Traditional Chinese Medicine (TCM) including

modern herbal medicines (HMs) and Homeopathy have roots in HMs of which

India and China have been on the forefront when one refers to the history of

HMs.

Today, HSs and nutraceuticals can be purchased as over-the -counter (OTC)

drugs, but that does not mean they are always safe. These products claim to

boost the health and possess therapeutic effect to cure the diseases [7]. Even

though HSs may be from herbal sources, their active ingredients can still pos-

sess potent effects. Because of this, HPs can have drug interactions (DIs), even

with each other or with food [8]. Although there is a widespread public percep-

tion that HPs and HSs are safe, these products may pose some of the same dan-

gers as in other pharmacologically active compounds [9].

The possibilities of DIs, direct toxicities, and adulteration with active

pharmaceutical agents (APIs) are among the safety issues concerning NPs.

Interactions may occur between prescription drugs, OTC drugs, dietary supple-

ments, and even small molecules in food which makes it challenging to pin

down all the interactions [10]. HDIs with prescription drug can interfere with

how the drug may be metabolized in the body and potentiates the side effects

of prescribed drugs or obstruct the intended therapeutic effect. The nature of

HDIs is not a chemical interaction between drugs and may involve a herb com-

ponent resulting in an alteration in the concentration level of drug in the blood

stream [11]. An increase in the drug level could occur when an active compo-

nent of herb enhances the absorption of the drug or inhibits the enzymes that

break down the drug and prepare it for elimination. A decrease in plasma level

of drug could occur by herb components hence preventing it from getting into
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the blood stream from the gastrointestinal tract or by stimulating the production

and activity of enzymes that metabolizes the drug and prepare it for elimination.

Alternatively, HMs or supplements might produce an effect on the contrary to

the desired effect of the drugs [12–15].
Patients often self-administer these products concomitantly with conventional

therapy without informing to their healthcare providers. This may produce

unwanted effects when the HPs perturbs the activity of drug-metabolizing

enzymes (DMEs)/drug transporters (DTs). Despite the increasing reports on

HDIs, a standard system for interaction prediction and evaluation is nonexistent.

Consequently, the mechanisms underlying HDIs are an upcoming area of

research. The interaction records or databank helps the healthcare professionals

and the patient to avoid adverse events [1,15]. Evaluation of HDIs liability is

challenging due to the variability in HPs chemical composition, uncertainty

of the causative agents, and often scant knowledge of specific causative constit-

uent. Systematic evaluation of HDI liability, as is routine for new drugs under

development, necessitates identifying individual constituents from HPs [16,17].

Owing to the clinical significance of HDIs, it is important to identify herbs

and drugs which may interact with each other [18,19]. This chapter focuses

on the concepts pertaining to HDIs and its mechanisms, novel HDI screening

approaches in HDIs, analytical tools for HDI screening, and regulatory scenario

of HPs in HDIs. Furthermore, we discuss the HDIs of metabolic diseases

(diabetes and cardiovascular diseases—CVDs) with the therapeutic agents. This

chapter will provide the researchers and students, comprehensive information on

HDIs and also provides data for consumers and clinicians about the risk of add-

ing HPs to conventional pharmacotherapeutic regimens.

MECHANISMS OF HDIs

The mechanisms underlying HDIs remain an under-researched area of pharma-

cotherapy. HDIs, an adverse event alters the drug pharmacokinetics and phar-

macodynamics (PK–PD) is guilty of an HPs which may lead to drug-related

toxicity or reduced therapeutic efficacy. The knowledge on mechanisms under-

lying HDIs is critical to identify and prevent such interactions or to modulate

it to potentially beneficial [11,20,21]. Mechanisms involved in HDIs are graphi-

cally represented in Fig. 9.1.

Pharmacokinetic Interactions

Pharmacokinetic interactions are caused due to the alterations in the absorp-

tion, distribution, metabolism, and excretion (ADME) of drugs and most

reported HDIs which result in altered drug levels or its metabolites [22].

HPs contain structurally very diverse chemicals that are metabolized by phase

1 and phase 2 metabolic pathways and also serve as substrates or inhibitors
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for transporters. Owing to their interaction with these metabolizing enzymes

and transporters, there is a potential for alteration in their activity in presence

of phytochemicals [20–22].

Drug-Metabolizing Enzymes (DMEs)

The cytochrome P450 (CYP) family of metabolic enzymes is responsible for

phase I metabolic reactions, and non-CYP enzyme systems such as uridine

diphospho-glucuronosyltransferases (UGTs) are responsible for the phase II

metabolism. Pharmacokinetic HDIs occur when DMEs are induced or inhibited

by concomitant HMs [23,24]. Inhibition of metabolic enzymes occurs when

HMs are able to decrease the expression or activities of metabolic enzymes in

a competitive or noncompetitive manner. Induction of metabolic enzymes is

much slower process, in which HMs promote gene activation and increase

the gene or protein levels of the relevant metabolic enzyme. The inhibition or

induction processes of enzymes are reversible and enzymatic levels can return

to the normal levels when the administration of the HMs is stopped [25].

Phase I processes include oxidation, reduction, hydrolysis, and hydration

resulting in the formation of functional groups (OH, SH, NH2, or COOH) that

impart the metabolite with increased polarity rendering it more water soluble

when compared to the parent compound [26]. In phase I metabolism, the

CYP super family is responsible for the metabolism of variety of xenobiotics

[27]. Human CYP isoforms that are involved in the biotransformation of

xenobiotics include CYP1A1/2, CYP2B6, CYP2C8/9/19, CYP2D6, CYP2E1,

CYP3A4/5, and CYP4A [27,28]. Phase II metabolic processes involve sulfation,

FIG. 9.1 Mechanisms involved in HDIs.
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methylation, acetylation, glutathione conjugation, fatty acid conjugation, and

glucuronidation and also known as conjugation reactions [27]. Phase II DMEs

are mainly transferases and UDP-glucuronosyltransferases, sulfotransferases,

N-acetyltransferases, glutathione S-transferases (GSTs), and methyltransferases

are the major ones. Glucuronidation is catalyzed by UGTs and involves the

transfer of the glucuronic acid residue from uridine diphosphoglucuronic acid

(UDGPA) to a hydroxy, either phenolic or alcoholic or a carboxylic acid group

on the drug [29]. In humans, 16 different UGT isoforms have been classified

into either 1A or 2B subfamilies or they metabolize broad range of endogenous

and exogenous xenobiotics [30]. This metabolic process generally serves as a

detoxifying step in drug metabolism [31]. Standard CYP substrates, inhibitors,

and inducers along with herbal inhibitors are listed in Table 9.1.

Drug-mediated inhibition of DMEs is the most common and well-explored

mechanism pertaining to pharmacokinetics of HDIs [32]. Enzyme inhibition

may result in reversible or irreversible loss of enzymatic activity and well-

structured study protocol and data interpretation tools are needed to perform

the data analysis. The concepts are based on Michaelis–Menten kinetics model.

Reversible inhibition or competitive inhibition occurs when two substrates for

the same enzyme are administered concomitantly and competes for the binding

site [33]. This results in the increase of victim drug level and thereby increasing

the concentration needed for half-maximal rate of metabolism, without chang-

ing the rate of its metabolism [34]. Noncompetitive inhibition occurs when

the xenobiotic binds to a specific protein which may reduce the enzymatic

capacity to metabolize the drug. This inhibition results in the increase in drug

concentrations and reduced activity by leaving half-maximal rate unchanged

while decreasing the rate of metabolism [33,34]. The net result will be reduced

clearance of drug. Uncompetitive inhibition occurs when the trigger drug binds

to the enzyme–drug complex by modulating/altering both half-maximal rate

constant and rate of metabolism and clearance will remains the same. Regard-

less, the mode of inhibition will increase the systemic exposure of the drug due

to a reduced metabolic clearance. Irreversible inhibition occurs to those xeno-

biotics that associate and dissociate with the enzymes [35].

St. John’s Wort induces CYP3A4 and CYP2B6 activity and results in

reduced bioavailability of chemotherapeutic drugs like irinotecan and imati-

nib. One of the key ingredients in St. John’s Wort, known as hyperforin, is

responsible for the earlier CYP3A4 inhibition [36]. An in vitro recombinant

human CYP isoenzymal study carried out in garlic extract inhibited the enzy-

mal activity of CYP2C9, 2CY2C19, CYP3A4, CYP3A5, and CYP3A7 and

did not affect the CYP2D6 activity [37]. The CYP1A2, CYP2C9, and

CYP2E1 activities were minimized and no change in the activity of CYP1A2

and CYP22C9 was observed with ginkgo extracts and ginkgolides. On the

contrary, the CYP3A4 activity was increased by ginkgolide A [38,39]. Res-

veratrol was found to inhibit the phenotypic indices of CYP3A4, CYP2D6,
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TABLE 9.1 Standard CYP Substrates, Inhibitors, and Inducers Along With Herbal Inhibitors

Isozymes Substrates Inducers Inhibitors Herbal Inhibitors

CYP1A2 Phenacetin

Caffeine

Nicotine

Omeprazole

Furafylline

a-Naphthoflavone

Green tea extract

Grapefruit

Ginko extract

CYP2B6 S-Mephenytoin

Bupropion

Phenobarbital Thiotepa Licorice

Luteolin

CYP2C8 Paclitaxel

Repaglnide

Rifampin Quercetin

Glitazones

Devil’s claw extract

Ginkgo extract

CYP2C9 Diclofenac

Tolbutamide

Rifampin

Secobarbital

Sulphaphenazole

Fluconazole

St. John’s Wort extract

Green tea extract

Grapefruit

CYP2C19 Omeprazole

S-Mephenytoin

Rifampin

Carbamazepine

Ticlopidine

Cimetidine

Kava

Ginkgo extract

CYP2D6 Dextromethorphan

Metaprolol

Dexamethazone Ticlopidine

Buproprion

Milk thistle extract

St. John’s Wort extract

CYP2E1 4-Nitrophenol

Chlorzoxazone

Izoniazid Disulfiram

Clomethiazole

Garlic

Ginsengextract

Kava

CYP3A4 Midazolam

Testosterone

Barbiturates

Nevirapine

Ketoconazole

Ritonavir

St. John’s Wort extract

Green tea extract

Grapefruit

Ginkgo extract

Danshen extract



and CYP2C9 and was reported to induce the phenotypic index of CYP1A2.

Pharmacological doses of resveratrol could potentially lead to increased

adverse drug reactions or altered drug efficacy due to inhibition or induction

of certain CYPs [40].

Silymarin is known to deplete the pool of UDPGA in hepatocytes and

decrease glucuronidation of bilirubin in rats [41]. Inhibition of the UGT1A1-

mediated metabolism of SN-38 by silybin indicates a potential for the interac-

tion of silybin with irinotecan, a topoisomerase inhibitor used to treat a variety

of solid tumors. Interestingly, certain herbal components such as chrysin can

increase the activity of UGT1A1 as documented in HepG-2 cells, indicating

the potential of increased clearance of certain drugs undergoing glucuronide

conjugation, in presence of certain HPs [42].

Drug Transporters (DTs)

Transporters have become increasingly important in drug development due to

the critical role they play in ADME of xenobiotics. Transporter-mediated HDIs

will result in potential toxicological and pharmacological consequences. Sev-

eral studies have indicated that human DTs, acting alone or together with

DMEs, plays a crucial role in oral drug bioavailability [43]. Many different

DTs are expressed in various tissues, such as the epithelial cells of the intestine

and kidney, hepatocytes and brain capillary endothelial cells [44,45]. Efflux of

drugs against a steep concentration gradient is mediated by the ATP-binding

cassette (ABC) transporters, mostly located in the canalicular membrane of

the intestinal epithelium, human liver, kidney, or the endothelium of blood

capillaries of the brain. ABC transporters are modulated by factors such as

drugs and HMs, foods, and beverages [46]. The activity of the efflux transpor-

ters on interaction with herbs may be inhibited by competitive or noncompeti-

tive mechanisms, which may potentially lead to toxic plasma concentrations of

drugs that are normally substrates. Conversely, the induction of efflux transpor-

ters by herbs would result in subtherapeutic plasma drug level leading to treat-

ment failure [47]. Solute carrier (SLC) transporters such as organic anion

transporters (OATs), organic cation transporters (OCTs), and organic anion

transporting polypeptides (OATPs) mainly mediate uptake of substrates in cells.

These transporters are involved in oral bioavailability and intestinal, hepatobili-

ary, and renal excretion of a concomitant drug [46,47]. P-glycoprotein (P-gp)

is also known as multidrug resistance protein 1 (MRP1). It has a significant

role in oral drug absorption and decreases bioavailability because intact drug

molecules are pumped back into the gastrointestinal tract lumen and exposed

multiple times to enterocyte metabolism using ATP as an energy source.

Modulation of P-gp by herbal constituents may involve a direct interaction

with one or more binding sites on the P-gp molecule through competitive

or noncompetitive inhibition or induction of the efflux of drugs [48,49]. Phy-

toconstituents (phytochemicals) may acts as an inducer will in turn potentiate
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the substrate-induced fit of drugs resulting in much higher efflux of most P-gp

substrates [50]. Phytochemicals may also inhibit ATP binding, hydrolysis, or

coupling of ATP-hydrolyzed molecules, therefore, depleting the energy which

drives the translocation of P-gp bound substrate drugs [51]. MRP2 is localized

in the bile canalicular membrane of hepatocytes and part of the 9-member

human subfamily of (MRP1–MRP9) is functionally a canalicular multispecific

OAT.MRP2 unlike P-gp is high in the proximal and very low in the distal region

of human intestines [52]. The ATP-dependent MRP family primarily transports

hydrophobic anionic conjugates and extrudes hydrophobic neutral molecules.

Another important drug efflux transporter is the breast cancer resistance protein

(BCRP), member 2 on the ABC (ABCG) subfamily, which contains half-

transporters [53,54]. BCRP or ABCG2 is also known as placenta-specific ABC

gene or as mitoxantrone resistance gene. A detailed classification of transporter

function, the transport classification database (TCDB) has been developed and

described in the following computational resources like TCTB, SLC tables,

TransportDB, HTDB, TP-search, and YTPdB [55,56]. Classification of the

DTs has been schematically represented in Fig. 9.2.

In recent years, numerous studies of DTs on the pharmacokinetics of several

HDIs have been reported, and also considerable progress has been made in

understanding the molecular characteristics of individual transporters. Grape-

fruit juice reported for P-gp inhibition in vitro and in vivo in both Caco-2 cell

lines and healthy volunteers [57,58]. Vinca alkaloids, anthracyclines, camp-

tothecins, and epipodophyllotoxins have increased anticancer activity of vin-

blastine and doxorubicin, by reducing P-gp efflux activity in vitro in MRP

cell lines like HepG2-DR and K562-DR [59]. Both in vitro and in vivo activities
of P-gp were inhibited by catechins present in green tea extract and Ginkgo

extract [60–64]. In a recent study reported about diallyl sulfide, a constituent

Drug transporters

Solute carrier transportersABC transporters

P-glycoprotein (P-gp)
Breast cancer resistance protein (BCRP)
Multidrug resistance protein (MRP)

Proton coupled oligopeptide transporter
(POT)

Monocarboxylate transporters (MCT)

Peptide transporters (PEPT)
Peptide–histidine transporters (PHT)

Organic anion transporters (OAT)

Equilibrative nucleoside
transporters (ENT)

•

• Concentrative nucleoside
transporters (CENT)

Organic ion transporters

Organic cation transporters (OCT)

Organic Anion Transporters

Nucleoside transporters (NT)

polypeptide (OATP)

•
•

•
•

FIG. 9.2 Classification of the DTs.
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in garlic induces P-gp and MRP2 expression and diallyl trisulfide found to be

P-gp inhibitor [65]. Naringin, a phytochemical in Citrus paradisi juice, inhibits
the transporter OATP1A2 and lowers the bioavailability of drugs [66]. Citrus
sinensis and Malusdomestica juice components will inhibit OATP1 and

OATP3. This may lead to reduced drug uptake and subtherapeutic drug concen-

trations [67,68].

Pharmacodynamic Interactions

Pharmacodynamic interactions are those HDIs that results in alteration of phar-

macological responses through additive, synergistic, or antagonistic actions of a

coadministered drug. The HPs and supplements contain multiple chemical com-

ponents that may result in the pharmacological changes affecting the targeted

therapeutic activity. In most of the cases unfavorable events may occur, result-

ing in adverse effects [18,69]. HMs may enhance the anticoagulant activity of

warfarin by targeting the same vitamin K epoxide reductase target or other crit-

ical components resulting in increased risk of bleeding in patients on chronic

warfarin therapy [70].

CHEMICAL COMPLEXITY IN NPs

The bioactive constituents in HPs are plant-derived secondary metabolites

which are produced generally as part of normal plant metabolism. HPs and sup-

plements consist of structurally diverse multiple phytochemicals that may vary

with sources and manufacturers. The relative phytochemicals possess inherent

pharmacological activity and it may vary upon the growing conditions [71].

Milk thistle (Silybum marianum) extract is one of the most commonly used

as a dietary supplement for hepatoprotective effect. Silymarin contains flavono-

lignans, the main active ingredient of the Milk thistle extract, reported for

protecting the liver against hepatoxicity caused by drugs. Silymarin composed

of silybin (about 50%–70%), isosilybin, silychristin, silydianin, toxifolin, etc.

It is clear that structurally very diverse chemicals are present in HPs and

extracts which makes the HDI screening more complex [72–74]. Chemical

diversity of S. marianum and its health benefits is shown in Fig. 9.3.

NOVEL IN SILICO, IN VITRO, AND IN VIVO APPROACHES
IN HDI SCREENING

A combined in silico, in vitro, and in vivo approach used for HDIs screening.

In silico approach involves virtual screening of xenobiotics using various soft-

wares and databases. An in vitro and in vivo approach refers to the experiments

done on various nonliving and living models. An integrated approach consisting

of in silico–in vitro–in vivo approaches involving human-derived in vitro sys-

tems, static and dynamic modeling, and proof-of-concept preclinical or clinical
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studies provides a mechanistic framework to address these challenges raised by

HDIs [1,75]. Generalized screening approaches (in silico–in vitro–in vivo) of
HDI are illustrated in Fig. 9.4.

In Silico Prediction of HDIs

Herbal ingredients will interact with receptors and induce gene expression,

thus leading to the alteration of DMEs or DTs. The HDIs may happen when

the herbs and drugs are coadministered [76]. Accurate models for predicting

metabolic HDIs would be useful tools in the efforts to avoid toxic adverse

events [77]. Recently, there has been an increase in the use of in silico
approaches to drug metabolism or drug transport and interaction studies. Such

an approach is expected to be of use to predict HDIs as well in the future.

In silico approaches have been extensively employed toward understanding

and predicting the chances of ligand–CYP interactions [78,79]. Simple rule-

based modeling, structure–activity relationship (SAR) analysis, 3D quantitative

structure–activity relationship (QSAR) analysis, pharmacophore, molecular

docking (MD), molecular dynamics, and homology modeling studies are the

major computational methods used significantly to minimize the false-positive

hypotheses. It also reduces the number of experiments, gives better understand-

ing of xenobiotic activity, and predicts possible HDIs. The computational

FIG. 9.3 Chemical diversity of Silybum marianum and its health benefits.
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methods, such as pharmacokinetic modeling, pharmacophore model, and QSAR

studies to proteochemometric modeling are extensively employed toward under-

standing and predicting the possibilities of CYP inhibition [80].

The crystal structures of the CYP isoform were retrieved from the protein

data bank and 3D structures of proteins were prepared using protein prepara-

tion wizard of Schrodinger suite. The centroid of cocrystallized ligand is then

used for protein active site grid definition with a grid size of 30Å. The MD of

ligand drug in mentioned CYP will be performed using glide MD program

included in Schrodinger suite. Computer-assisted docking analysis was per-

formed by glide docking program, and it is helpful to acquire the binding

affinity between ligand drug and each CYP isozymes [81]. A combination

of computational approaches might be a useful tool to identify potential

mechanism-based inhibitor of CYP3A4 from HMs [82].

In a study by He et al., in silico method was used to predict HDI for cere-

brovascular diseases herbal ingredient picroside-III using Autodock software

[83]. Zhijie et al., pregnane X receptor (PXR) predicted this kind of HDIs

and applied a combinational in silico approach of pharmacophore modeling

and docking-based rank aggregation (DRA) to identify PXR agonists. Initi-

ally, 305 ingredients out from 820 ingredients were screened as candidate

agonists of PXR with their pharmacophore model. Then, DRA was used to

rerank pharmacophore-filtering order. A HDI database was developed by

FIG. 9.4 Screening approaches of (in silico–in vitro–in vivo) HDI.

Assessing Herb–Drug Interactions of Herbal Products Chapter 9 293



the researchers in order to validate the predicted HDIs [84]. Wang et al. used a

pharmacophore model with MD to rapidly screen the potential CYP3A4

mechanism-based inhibitors from Tripterygium wilfordii, and in vitro experi-

ments are conducted to validate the computational data [85]. Min et al. per-

formed DI study of natural steroids from herbs specifically toward human

UGT 1A4 using human primary hepatocytes, and their QSAR analysis with

inhibitory effects toward human UGT1A4 isoform was established using the

computational methods. Their findings elucidate the potential for in vivo HDI

effects of steroids in HM and HSs, with the clinical drugs eliminated by

UGT1A4 and revealed the vital pharamcophoric requirement of natural steroids

for UGT1A4 inhibition activity [86]. Wongrattanakamon et al. performed

computational modeling to scrutinize some bioflavonoids plays a critical role

in HDIs by utilizing MD and pharmacophore analyses utilizing AutoDock soft-

ware. Twenty-five flavonoids were utilized as ligands for the modeling and the

results illustrated the high correlation between the docking scores [87].

In Vitro Screening of HDIs

Protein-Binding Studies

In general, the risk of clinically relevant interactions via displacement from

plasma protein binding sites is low. Nevertheless, the possibility of displace-

ment interactions by HMs and HPs with drugs known to be markedly protein

bound should be considered. This may be of particular importance for highly

protein bound drugs having a narrow therapeutic window, high hepatic extrac-

tion ratio, or high renal extraction ratio. If indicated, the risk of interaction

should be addressed by in vitro displacement studies using therapeutically rel-

evant concentrations [88,89].

Recently, protein binding or drug displacement studies were carried out

by rapid equilibrium dialysis (RED) approach using RED device insert. It

improves binding affinity measurements. Plasma containing drug or HPs or

natural moieties added to the RED chambers of RED device insert, while

phosphate-buffered saline (PBS) of pH 7.4 added to the other chamber. The

quantification of the drug is determined by UV spectrophotometer–fluorime-

ter/LC–MS/MS. The percentage unbound drug is compared with standard

compound prepared by substituting the sample with standard solution. The

percent of plasma unbound fraction will be calculated [81,90].

Metabolism Studies

Most drugs undergo metabolism by enzymes in different tissues after they

enter the body and produce metabolites with or without pharmacological

activities. Regulation of enzyme activities can alter the systemic exposure

and eventually, the efficacy of a drug. CYP enzyme-mediated HDI is one of

the most popular research topics due to well-known specific inhibitors and
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probe substrates for CYP isozymes [91]. In vitro studies with rat/human liver

microsomes (RLM/HLM) and recombinant enzymes are conducted to evaluate

the ability of a herb–drug moiety to inhibit/induce CYP isozymes. Measurement

of CYP inhibition/induction is performed by analyzing substrate metabolism.

Herbs may or may not inhibit/induce CYPs by direct competitive inhibition

(reversible), noncompetitive inhibition (irreversible), and mechanism-based inhi-

bition [92–94].
If the drug is eliminated through metabolism mainly catalyzed by one or

more inducible enzymes or if elimination is catalyzed by CYP3A only to a

limited extent, an interaction study with a potent inducer is recommended.

This also applies to situations where it may not be excluded that enzyme

induction will affect drug exposure to a clinically relevant extent, such as

drugs mainly eliminated through secretion by inducible transport proteins. If

there are metabolites known to contribute to the efficacy or safety of the drug

being investigated, the effect on the exposure of these metabolites should be

investigated in the in vivo study [95,96].

Microsomes are the most widely used subcellular fractions for drug metab-

olism (DM) studies, with the advantages of being inexpensive and easy to

handle while containing the major DMEs, (CYPs and UGTs). Microsomal

assays are the default assays for metabolism and DDI studies at the drug dis-

covery stage. One application of microsomal assay is to determine intrinsic

clearance and a useful parameter for facilitating the screening process for sta-

ble compounds and for establishing an in vitro correlation between animals

and humans. Using microsomes from various tissues one can assess extrahe-

patic metabolism and further strengthen the in vitro prediction of total body

clearance by considering multiorgan metabolism. Microsomal assays are also

preferred for determining HDI potential. Both reversible inhibition and time-

dependent inhibition studies provide information on the possibility of the drug

candidate being a perpetrator of DDI for a coadministered drug. On the other

hand, CYP reaction phenotyping studies may answer whether the drug candi-

date might be a victim if coadministered with a CYP inhibitor or inducer

[18,97,98]. The alkaloid fraction of lotus leaves can strongly inhibit the activ-

ity of CYP2D6 enzyme, being confirmed by Ye et al. using in vitro and

in vivo models. The study reported that DIs may occur between the alkaloidal

fraction and other medications metabolized by CYP2D6. Thus, caution should

be taken when the lotus leaf and its preparations are concurrently adminis-

tered with drugs metabolized by CYP2D6 isoenzymes [99]. Effects of sub-

strates, inducers, and inhibitors are schematically shown in Fig. 9.5.

CYP Phenotyping by Chemical Inhibition Assay

Hepatic metabolism is the primary clearance pathway for most prescription

drugs and HMs. Over two-thirds of DM is mediated by CYP enzymes includ-

ing CYP3A (46%), CYP2C9 (16%), CYP2C19 (12%), CYP2D6 (12%),
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CYP1A (9%), CYP2B6 (2%), and CYP2E1 (2%) [93,100,101]. Inhibition of

CYP enzymes is the most common mechanism underlying drug–botanical
interactions. Usually, CYP inhibition causes increased drug exposure and possi-

ble toxicity, except for xenobiotics that require metabolic activation by CYP

enzymes, when CYP inhibition may lead to loss of efficacy [92]. As in HDI

studies, in vitro models of HDIs are usually evaluated to ascertain whether clin-

ical investigations are indicated [102]. Recombinant CYP enzymes, human

hepatocytes, or HLM are typically used with probe substrates to measure possi-

ble inhibition of enzyme activity caused by test compounds or botanical

extracts [103].

Experimentally, irreversible and reversible CYP inhibition can be differen-

tiated through the examination of the inhibitory concentration (IC50) at different

time intervals; for irreversible inhibitors, the IC50 value changes over time, but

for reversible inhibitors, the IC50 value remains independent of time.

Percentage inhibition¼ 100� Signal of well�Blankð Þf g
�100= Solvent control�Blankð Þ

IC50 ¼ 50�LPð Þ� HC�LCð Þ+LCf g= HP�LPð Þ
where LP is the low percentage of inhibition, HP high percentage of inhibi-

tion, LC low concentration, and HC high concentration.

Li et al. used cocktail assay approach for single concentration and time point

inhibitory potency screening to assess the inhibitory potential of liquorice

extracts [104]. Generally standard preincubation mixture consisted of micro-

somes (RLM, HLM, and recombinant isoenzymes) with definite protein concen-

tration PBS and nicotinamide adenine dinucleotide phosphate (NADPH) as

cofactor. A selective inhibitor is added individually to preincubation mixtures.

A definite concentration of xenobiotics is added to reaction mixture and warmed

at 37°C for 10min. The rate of decomposition of drug in presence of specific

inhibitor expressed as percentage of drug remaining at different time points rel-

ative to the amount of target molecule present in incubation mixture at zero time

point [81]. Pao et al. evaluated the effects of Chinese HMs on the enzymatic

activity of CYP3A4 and the possible metabolism-based HDIs in HLM and in

rats. Fifty single-herbal preparations were screened for CYP3A4 activity using

FIG. 9.5 Effect of substrates, inducers, and inhibitors.

296 Studies in Natural Products Chemistry



HLM for an in vitro probe reaction study and in male SD rats. The study

demonstrated that tested herbal formulation exhibited remarkable inhibiting

effects on the metabolism of CYP3A4 [105]. The in vitro studies of dihydro-

myricetin with CYP isoforms indicate that dihydromyricetin has the potential

to cause pharmacokinetic DIs with other coadministered drugs metabolized by

CYP3A4, CYP2E1, and CYP2D6 [106].

In order to study the effect of HPs and HMs on the clearance (CL) of drug

phase 1 metabolic stability studies are conducted. The extent of drug metabo-

lism is measured as percentage of control activity [81,107,108].

Intrinsic clearance (CLintrinsic) was estimated assuming monoexponential

decay using the following equation:

CLintrinsic ¼ k�V=N

where V is the total incubation volume, N milligram of protein in the incuba-

tion, and k elimination rate constant.

Yan et al. reported that in RLM incubation experiments showed that gly-

cyrrhizin may significantly increase the CLintrinsic rate of celastrol. Studies

regarding the effects of glycyrrhizin on the metabolic stability of celastrol

in RLM were also performed by the earlier research group [109].

Phase II Conjugation Metabolism Study

HDIs resulting from the inhibition or induction of CYPs by herbal components

has drawn much attention in recent years [22]. However, studies on the inhibi-

tion of UDP and UGTs by herbal constituents remain limited. UGTs are impor-

tant DMEs that catalyze the metabolism of approximately 35% of all drugs

metabolized by phase II enzymes [110]. Additionally, UGTs are involved in

the metabolism of various endogenous substances, such as bilirubin, steroid

hormones, thyroid hormones, bile acids, and fat-soluble vitamins [30]. There-

fore, investigation of the inhibitory effect of compounds on UGT-mediated

metabolism should be given more attention from a clinical standpoint. The S9

fraction/HLM prepared in PBS (pH 7.4) and the mixture is preincubated at

37°C for 10min in a shaking water bath. To initiate the reaction, cofactors

UDPGA, NADPH, and alamethicin are added to give the final volume. The

final reaction mixture incubated for 60min and reaction is terminated by adding

ice cold acetonitrile containing internal standard. The incubation mixtures were

then centrifuged and aliquots of the supernatants were injected into a LC–
MS/MS system [81]. Known inhibitors were included as positive controls to

validate these experiments and compare IC50 values. Standard drugs will be

used as positive control inhibitors of UGT1A1, UGT1A4, UGT1A6, UGT1A9,

and UGT2B7, respectively [111,112]. All incubations were performed in tripli-

cate, and the mean values were used for analysis. IC50 values and the inhibitor

constant (Ki) values can also be determined [81,107]. Recently Choi et al. eval-

uated the in vitro/in vivo potential of five berries (bilberry, blueberry, cranberry,
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elderberry, and raspberry ketones) commonly used as HSs to inhibit UGTs. The

study result suggests that UGTs inhibition of these five berries are unlikely to

cause clinically significant HDI mediated via inhibition of UGT enzymes

involved in drug metabolism. These findings should enable an understanding

of HDIs for the safe use of popularly consumed berries [113]. Liu et al. studied

the inhibitory effect of hesperetin and naringenin on human UGTs and its impli-

cations to HDIs. The data show that the above phytochemical showed broad-

spectrum inhibition against human UGTs and the indication of chances of

HDI for HPs containing above compounds [114]. In vitro, flavonoids predomi-

nantly inhibit the major phase I enzyme CYP3A4 and the enzymes responsible

for the bioactivation of procarcinogens and upregulate the enzymes involved in

carcinogen detoxification (UGTs and GSTs) [115].

Metabolism Study Using Hepatocytes

Hepatocytes are the primary liver cells where drug metabolism occurs and its

cell membrane also contains various uptake or efflux transporters [116]. Drugs

could passively diffuse through the hepatocyte membrane or be taken up by

transporters, such as OATP and sodium taurocholate cotransporting polypeptide

(NTCP), to enhance the intracellular concentration. Once a drug enters hepato-

cytes, the efflux transporters like P-gp, BCRP, and MRP could pump the drug

out, to reduce the intracellular drug level. The primary cultures of hepatocytes

carry enzymes and cofactors at physiological concentrations and provide a drug

metabolism environment that closely mimics the in vivo conditions. Freshly

prepared hepatocytes are a good model for drug metabolism and transporter

studies [117,118]. Studies using hepatocytes suspended in plasma assist in the

improvement of IVIV correlations in drug clearance and DDI predictions. The

disadvantage of suspension culture is that the hepatocytes have a limited viabil-

ity and typically can be used only for acute dose studies [119]. Cryopreserved

human hepatocytes are used for the prediction of clinically relevant HDIs of

Schisandra sphenanthera extract, often coadministered with immunosuppres-

sant treatment of transplant recipients [77].

Transporter Assays

The key transporters that need to be evaluated are efflux transporters, includ-

ing P-gp and BCRP, as well as bile salt export pump (BSEP) and uptake trans-

porters, including OAT1 and 3, OCT2, OATP1B1, and 1B3. P-gp transporters

are membrane bound proteins regulating the influx and efflux of drugs across

the plasma membrane. It is found in cell membranes which affects serum drug

levels by blocking or facilitating entry into cells. It is used widely because of

simple procedure, low sample requirements, low cost, high speed, and can

determine IC50 value over a wide concentration range [51,113,120,121].

Generally assay will be performed to determine functional activity of P-gp

in cells like colon carcinoma cells or hepatic cells by measuring rhodamine
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123 (Rh123) retention/efflux. Rh123 is a cationic, fluorescent dye taken up by

the cells and actively pumped out of the cells by P-gp. Cells are thawed and

viability is assessed. Fluorescence is measured using a fluorescence micro-

plate reader. Percent inhibition is calculated based on the differences in fluo-

rescence between the test and the blank wells and the mean difference

between each control and blank well. IC50 values are determined. The induc-

tion of P-gp is denoted by a negative value (loss of Rh123 from the cells) and

inhibition is shown by a positive value (retention of Rh123 in the cells). Per-

cent inhibition of the test substance with respect to positive control is deter-

mined [122,123].

Each compound will be tested in duplicate in both direction apical to baso-

lateral (AB) and basolateral to apical (BA) and in the presence and absence of

specific P-gp inhibitor. To determine energy dependency of drug transport,

transport medium depleted in glucose is used in both sides of the cell mono-

layers. An ATP inhibitor, sodium azide, will be added to both apical and baso-

lateral side of the cell monolayer and incubated. To investigate the role of P-gp

in the transport of drug, the cells were preincubated with the presence of verap-

amil (a selective P-gp inhibitor) and MK-571 sodium salt (MRP1 inhibitor) for
30min. Proliferation and cytotoxicity studies are also carried out with MTS

proliferation assay [108,124].

Caco-2 Assay

The human colon cancer-derived Caco-2 cell line is widely used as a model of

permeability and efflux transport. This is because Caco-2 cells undergo enter-

ocytic differentiation and become polarized in culture (usually for 21 days),

resembling human intestinal epithelium in transporter expression and tight

junction formation. The bidirectional permeability assay using Caco-2 is the

most popular method for identification of P-gp substrates and inhibitors in

drug discovery. Physiologically and morphologically developed Caco-2 cell

monolayers with transepithelial electrical resistance (TEER) values greater

than 350O/cm2 are used for intestinal transport assays. Hank’s balanced salt

solution (HBSS) with 10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) at pH 7.4 is used as a transport buffer. After preincubation

transport buffer is aspirated and replaced with the test compounds diluted in

the transport buffer. Test compounds are added to the apical side for apical

to basolateral transport and to the basal side for determining the basolateral

to apical transport. Sampling at different time intervals (0�2h) of the trans-

port experiment and the tested substance concentrations in both compartments

are determined. Apparent permeability (Papp) in both directions (AB and BA),

and Papp ratio for all tested substances are determined for the phytochemicals.

Ascorbic acid, an antioxidant (10mM) is added to the experimental samples

and stored at �80°C till the time of analysis [125–128]. Yan et al. studied

the effects of glycyrrhizin on the transport of celastrol in the Caco-2 cell
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transwell model. Flavonoids have been reported to inhibit ABC transporters,

MRP, BCRP that contribute to the development of MRP. P-gp, an ABC trans-

porter that limits drug bioavailability and also induces MRP, was differently

modulated by flavonoids. Flavonoids and their phase II metabolites (sulfates

and glucuronides) inhibit OATs involved in the tubular uptake of nephrotoxic

compounds [109].

Membrane vesicles prepared from organs (such as liver, kidney, and intes-

tine) that naturally express a HC of transporters or from transfected cell lines

(MDCK, HEK293, and LLC-PK1 cells) that overexpress a single transporter

has been used to assess the transporter mechanisms in liver, kidney, and intes-

tine. MDR1–MDCK cells originate from transfection of Madin–Darby canine

kidney (MDCK) cells with the MDR1 gene, the gene encoding for the efflux

protein, P-gp. The MDR1–MDCK cell line is also recommended in vitro model

for determining the extent of P-gp inhibition of a compound [129,130]. Yang

et al. explored the possible role of metabolizing enzymes and transporters

food–DI between the epigallocatechin-3-gallate and simvastatin. The effects

of epigallocatechin-3-gallate on CYPs and OATPs were studied using human

hepatic microsomes and HEK293 cells overexpressing OATP1B1 or OATP1B3

[131]. Navaratilova and collaborators studied the inhibitory potency of selected

food honey flavonoids (galangin, myricetin, pinocembrin, pinobanksin, chrysin,

and fisetin) toward hOATP2B1 and hOATP1A2, examining their effect on the

cellular uptake of the known OATP substrate rosuvastatin. Cell lines overex-

pressing the hOATP2B1 or hOATP1A2 transporter were employed as in vitro
model to determine the inhibitory potency of the flavonoids toward the OATPs.

Chrysin, galangin, and pinocembrin were found to inhibit both hOATP2B1 and

hOATP1A2 in lower or comparable concentrations as the known flavonoid

OATP inhibitor quercetin. Galangin, chrysin, and pinocembrin effectively inhib-

ited rosuvastatin uptake by hOATP2B1. The inhibition of the hOATP1A2-

mediated transport of rosuvastatin by these flavonoids was found to be weaker

[132]. Standards of transporters substrates, inhibitors, and corresponding herbal

inhibitors were tabulated in Table 9.2.

In Vivo HDI Screening

The in vitro models discussed in the earlier sections have limited values, as they

reflect only one particular aspect of the whole picture. Whereas, in vivo results

are multifactorial, provide the combined effect of permeability, distribution,

metabolism, and excretion can yield a measurable set of pharmacokinetic para-

meters and toxicology endpoints. The current trend is to use rats as the first ani-

mal species for testing drug exposure because they are inexpensive and require

a small amount of test compound [24]. In vivo rat studies can help identify

ADME problems of a new chemical series, such as whether low absorption

or high clearance occurs, leading to undesirable PK. Subsequently, in vitro
models, such as Caco-2, can be used to optimize absorption of compounds from
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the same chemical series and microsomal stability assay can be applied to select

stable compounds. It should be reiterated that human-based in vitro assays,

when compared to other assays will provide closer estimations of human

clinical outcomes, especially for properties that are known to have species

differences (such as CYP induction), but have good IVIV correlations in

humans [133]. Extensive PK studies are still necessary to evaluate the dose

proportionality, bioavailability, or food effects in single or multiple dose admin-

istration. These studies involve the determination of multiple parameters like

maximum concentration (Cmax), time of maximum concentration (Tmax), area

under the curve (AUC), volume distribution (Vss), clearance (CL), terminal

elimination half-life (T1/2), and bioavailability thereby define the PK profiles

of a compound [134,135].

Data from the human ADME studies provide information about the pri-

mary pathways of metabolism for the compound. The metabolic pathways

TABLE 9.2 Standards of Transporters Substrates, Inhibitors, and Herbal

Inhibitors

Transporters

Standards

Herbal InhibitorsSubstrates Inhibitors

P-gp Digoxin

Vinblastine

Quinidine

Ketoconazole

Verapamil

Milk thistle extract

Ginseng extract

Green tea extract

Danshen extract

BCRP Rosuvastatin

Pantoprazole

Sulfasalazine

Novobiocin

Soybean extract

Gymnema extract

Black cohosh

OATP Atorvastatin

Simvastatin

Rifampicin

Cyclosporine

Flavonol glycosides

Mulberry extract

Indian trumpet
flower extract

OAT Furosemide
Ganciclovir

Benzylpenicillin

Probenecid

Milk thistle extract

Green tea extract

Rhubarb extract

MATE Dofetilide
metformin

Cimetidine

Pyrimethamine

Green tea extract

OCT Guanidine

Amantadine

Cimetidine

Naringin

Chinese skullcap
extract
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are determined through the identification of metabolites in plasma, urine, and

feces/bile, which in turn lead to extensive reaction phenotyping studies to

identify the enzymes that generate the primary metabolites [24]. The use of

metabolism data obtained from human ADME studies in conjunction with

reaction phenotyping provides critical information for decision in aid of clini-

cal DDI studies.

In vivo studies in humans have been carried out with various experimental

designs. Typically subjects receive a single dose of a test drug or a cocktail

of drugs that are markers for various enzymes on day 1. This is followed by mul-

tiple daily dose treatment with the HPs (typically 1 week) and on the last day of

treatment, administration of the test drug, or the cocktail of drugs. A comparison

of the various pharmacokinetic parameters or phenotypic measures is used as a

method to evaluate the effect of HPs on the pharmacokinetics of test drug or

activity of various DMEs. Unlike marketed drug products, each HP commer-

cially marketed contains various quantities of individual components [32,136,

137]. Formal controlled clinical studies provide the most rigorous assessment

of botanical–DI potential and are not performed frequently due to high expense

and their resource-intensive nature [138]. Standard methodologies for assessing

the potential for pharmacokinetic DDIs typically involve the use of healthy

nonmedicated research subjects who are administered one or more probe drug

substrate which predominantly metabolized or transported by a specific enzyme

or DT, respectively [63].

Engineered mouse models are increasingly used for the determination of the

roles of CYP enzymes in drug metabolism and toxicity. Mouse CYP has been

replaced by human CYP genes in the mouse genome, to study on the specific

involvement of the given mouse, and/or human CYPs in various aspects of

ADME. Removing a cluster of CYP gene allows the determination of combined

functions of an entire CYP gene subfamily. The composite functions of all

microsomal CYP enzymes can be studied by removal or modification of the

NADPH–CYP reductase gene. All of these programed genetic changes in a cell

type-specific or tissue-selective fashion allow specific contributions of an organ

(e.g., the liver or the intestine) to the metabolism and/or toxicity of a drug to be

directly determined in vivo. The potential of these engineered mouse models for

ADME applications is considerably good [24,139].

Yang et al. investigated the potential impact of epigallocatechin-3-gallate

(green tea extract) on the transport and metabolism of simvastatin in rats.

The study results showed that AUCs of simvastatin and simvastatin with

epigallocatechin-3-gallate increased by 2.21- and 1.4-fold, while the clearance

was reduced by 2.29- and 1.4-fold, respectively [128]. In vitro experiments

suggested the inhibitory effect of epigallocatechin-3-gallate on CYP enzymes.

Yan et al. investigated the influence of glycyrrhizin on the pharmacokinetics

of celastrol in rats using LC–MS and its potential mechanism. The results

showed that glycyrrhizin could significantly decrease the plasma concentra-

tion and AUC0� t levels of celastrol in rats [109]. Baicalein, a major flavonoid
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present in Scutellaria baicalensis, is a well known and potent antibacterial

compound used in complementary and alternative medicine practices. The

study aimed to clarify the effects of multiple dose treatment with baicalein on

the pharmacokinetics of ciprofloxacin in rats was done after oral administration

of baicalein for five consecutive days and the rats received an oral administra-

tion of ciprofloxacin. Findings of this study by Hwang et al. found out therapeu-

tic failure of ciprofloxacin or other quinolone-based antibiotics may occur when

baicalein is used long with the chemotherapy in clinical practice [140].

The in vivo evaluations of HDIs in targeted patient populations can be con-

ducted with individual substrates for specific CYP enzymes and transporters

or studies can be conducted using a “cocktail approach” or when there are

known mechanisms or prior experience with certain PK or PD. To explore

the reported clinical adverse events of HDIs, electronic search can also be per-

formed in multiple databases, including MEDLINE, EMBASE, the Cochrane

Library, CINAHL, NAPRALERT, International Pharmaceutical Abstracts,

CANCERLIT, CISCOM, and HerbMed.

ANALYTICAL TOOLS IN HDI SCREENING

The methods for measurement of CYP inhibition are fluorescence, lumines-

cence, radiometric, and LC–MS/MS. Fluorescence and luminescence-based

methods are high-throughput methods in which profluorescent or prolumines-

cent substrate is metabolized to fluorescent or luminescent product.

Fluorometric High-Throughput Screening (HTS) Assays

The assay is performed according to the protocol described by assay kit makers.

Briefly, the entire kit component was subjected to be stored in �80°C and

thawed before the analysis. Fluorescence intensity was measured in a microplate

fluorescence reader. The percentage inhibition and IC50 values were calculated

according to the formula mentioned in the earlier session [141]. Pandit et al. also

performed evaluation of HDIs of a polyherbal Ayurvedic formulation named

Ridayarishta through high-throughput CYP enzyme inhibition assay. The study

result found that Ridayarishta alone and cocktail formulation with other drugs

has negligible or insignificant effect on CYP inhibition [98].

Liquid Chromatography-Mass Spectrometry in HDIs Screening

Recently for the study of in vitro and in vivo HDI screening laboratories uses

LC tandem mass spectrometry to determine their impact on the metabolism

and transport of xenobiotics under the influence of HPs and supplements.

The experiments were designed to obtain data such as IC50 values of HSs

on the various metabolic pathways of the drugs, kinetics, and mode of inhibi-

tion/induction. In several reports, the usage of LC–MS/MS analysis of HMs
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and HPs has been published for HDI screening. Advances in the hyphenated

instrumental techniques like LC–MS/MS have now made it possible to detect

synthetic drugs, NPs, and their structural analogues which may cause HDIs

with speed, selectivity, and sensitivity [142]. Apart from the above advantages

LC–MS/MS, there is no single methodology to screen and quantify the structur-

ally diverse compounds. In vitro or in vivo HDI profiling of HPs and supple-

ments with drug requires high-throughput LC–MS/MS using triple quadruple

mass spectrometers as an enabling technology for quantitative bioanalysis in

the above studies [143,144].

LC–MS/MS is a powerful analytical methodology that hyphenates the sepa-

ration power of LC with the highly sensitive and selective mass analysis capa-

bility of mass spectrometry. LC–MS has been extensively applied in HDI

screening and it is easy to learn and can be used to separate and analyze almost

all the compounds in the HMs. Samples to be analyzed are processed using sam-

ple preparation techniques (protein precipitation, liquid–liquid extraction, and

solid-phase extraction). A solution containing analytes of interest are pumped

through a stationary phase with the help of a mobile phase flowing at high pres-

sure. Chemical interaction of the analytes with the stationary phase and the

mobile phase affects separation and migration rates through the LC column.

The wide variety of column chemistry and mobile phase composition allows

optimized separation methodology to suit many complex analytes. After elution

from the LC column, the effluent is directed to the mass spectrometer [142].

LC–MS/MS instrument consists of an atmospheric pressure ionization

source, typically an electrospray ionization (ESI) source or an atmospheric pres-

sure chemical ionization (APCI) source, coupled by an ion-inlet and focusing

component (Q0), which provides both transition from atmospheric pressure to

vacuum and ion-focusing, into a first mass-filtering device (Q1), which leads

into a collision chamber (Q2) that can be filled with low-pressure gas for

collision-induced dissociation (CID), followed by a second mass-filtering

device (Q3), and finally an ion-impact detector (electron multiplier). The five

principal experiments that can be performed with mass filtering tandem mass

spectrometers: full scan, product ion scan, precursor ion scan, neutral loss scan,

and selective (multiple) reaction monitoring [142,145].

l Full scan: Scan across the entire mass range using both mass filters (Q1

and Q3) while Q2 does not contain any collision gas—this experiment

allows the user to see all ions contained in a sample.

l Product ion scan: Select one specific m/z in Q1, fill Q2 with collision gas

to fragment the selected m/z, and then scan across the entire mass range of

Q3—this experiment allows the user to see all fragment/product ions of

the selected precursor ion.

l Precursor ion scan: Scans across the entire mass range of Q1, fill Q2 with

collision gas to fragment all ions in the scan range, and then select one

specific m/z in Q3—this experiment allows the user, by temporal
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correlation of detection of the product ion, and the m/z that just preceded
its detection, to determine which m/z precursor ion(s) might have given

rise to the selected product ion.

l Neutral loss scan: Scan across the entire mass range of Q1, fill Q2 with

collision gas to fragment all ions in the scan range, and then scan Q3

across a predetermined range that corresponds to a fragmentation-induced

loss of one specific mass having occurred for every potential ion in the

precursor scan range. This experiment allows identification of all precur-

sors that have lost a selected common chemical group.

l Selective or multiple reaction monitoring: Select one specific m/z in Q1,

fill Q2 with collision gas to fragment the selected m/z, and then select

one specific m/z of these fragments in Q3—this experiment allows highly

specific detection of an analyte with the m/z selected in Q1 that is known

to fragment specifically into the product ion selected into Q3. For this spe-

cific ion-pair, the detection sensitivity is also increased, since the detector

now processes exclusively this single analyte-specific ion-pair and can do

so repeatedly over several cycles.

The wide range of data acquisition modes of MS data can be utilized for the

detection and screening of known and unknown HDIs. Significantly higher

selectivity and sensitivity can be gained in selected reaction monitoring

(SRM) and multiple reaction monitoring (MRM) modes through detection

of characteristic product ions, formed within CID of the precursor ion. The tri-

ple quadruple instruments operated in MRM mode and the recording of one or

more transitions for each target compound has been commonly employed

LC–MS strategy and approach for targeted screening and quantification of

analytes responsible for HDIs. The collision energy setting in product ion scan

experiments has to be optimized because it applies to all the analytes and it

may be troublesome to obtain data suitable for identification [145–147].
The technology enhancement has revolutionized sensitivity, speed, reliabil-

ity, and performance delivered by these instruments. The QTRAP, LC–MS/MS

systems of AB Sciex featuring the multicomponent IonDrive™ technology and

advanced with a novel IonDrive High Energy Detector+ pushes the limits of

LC–MS/MS quantitation superior by decreasing matrix interferences the past

models in HDI screening. MS3 (MS/MS/MS) and MRM3, enhanced MS and

enhanced multiply charged are other scanning options which make QTRAP

instruments more superior. QTRAP technology delivers equivalent or better

data than an ordinary triple quadruple system by combining all the MRM

sensitivity of a triple quad, with a multifunctional linear ion trap (LIT), for

unique and powerful workflows. QTRAP technology can provide assurances

for accurate quantitation free from matrix interferences, increasing data selec-

tivity beyond triple quad technology. Performing MRM and scanning with

high sensitivity LC–MS/MS system enables an analyst to identify, characterize,

and quantitate known and unknown xenobiotics responsible for interactions.
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Polarity switching structure-based filtering approach ideal for reactive metabo-

lite screening in HDI studies [142,148].

Wagner et al. studied the effect of b-carbolines interaction with human

OCT1–3 using QTRAP mass spectrometer coupled to an Acquity UPLC systems

in ESI-positive mode differential inhibition potencies and also confirmed that

harmaline, norharmanium, and 2,9-dimethyl-4,9-dihydro-3H-b-carbolin-2-ium
are transportable substrates of hOCT1–3. The study data supported the role of

hOCT1–3 in tissue uptake and disposition of b-carbolines. More importantly,

the potent inhibition of hOCT2 by b-carbolines also raises a concern of potential

DIs between naturally occurring b-carboline alkaloids and drugs that are elimi-

nated via renal transporter hOCT2 [149]. Zhong et al. explored the potential

chances of Epimedium koreanum for HDIs using the triple quadruple mass

spectrometer [150].

METABOLIC DISORDERS

Metabolism is the process in our body uses to get or make energy from the

food you eat. A metabolic disorder occurs when abnormality in the metabolic

chemical reactions occurs in the body [151,152]. A person can develop a

metabolic disorder if certain organs (pancreas or liver) stop functioning prop-

erly. These kinds of disorders can be a result of various factors, such as genet-

ics, a deficiency in a certain hormone or enzyme, and consuming too much of

certain foods [153].

A STUDY ON HDIs OF DIABETES

Diabetes is the most common metabolic disease which eventually leads to dam-

age of multiple body systems and includes a host of serious comorbidities

[154]. The disease is characterized by elevated blood glucose levels and classi-

fied into type 1 and type 2 diabetes mellitus (DM). According to 2015 data

from the American Diabetes Association (ADA), 30.3 million children and

adults, or about 9.4% of the US population have diabetes. In 2015, an estimated

415 million adults were suffering with diabetes and this number is forecasted to

multiply to 642 million by the year 2040 [155]. Over 70% of those with DM

live in developing countries, and this proportion is elevating yearly and also

globally the prevalence of diabetes is increasing [156].

Globally the usage of alternative therapeutic approach with HMs and dietary

supplements for the management of diabetes has been increased rapidly in the

past decade. About 72.8% of people suffering with diabetes uses HMs, and sup-

plements other traditional therapies for its management [157]. Furthermore,

research indicates that a large number of medicinal plants are believed to pos-

sess antidiabetic properties (Momordica charantia, Trigonella foenum-graecum,
Gymnema sylvestre, Azadirachta indica, Panax ginseng, etc.) has been utilized

to manage diabetes [158,159]. A number of mechanisms may be associated
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with pharmacokinetic HDIs. CYP isoenzyme family, a common pathway for

metabolic HDIs and drugs used for antidiabetic therapy, has been metabolized

by CYP mechanism. Many HMs possess antioxidant properties which could be

beneficial for reducing oxidative stress, a key pathogenic factor of diabetes

[160,161].

Bitter melon (M. charantia) has various major components (momordin

and charantin) when taken with sulfonylureas may leads to hypoglycemia

[162,163]. Fenugreek (T. foenum-graecum) containing (saponins, glycosides,

and alkaloids) which acts as an insulin secretagogues reported to have interac-

tions with hypoglycemic agents and anticoagulant drugs [164]. G. sylvestre
consisting (gymnemosides, saponins, and stigmasterol) has multiple mechan-

isms of action can lead to hypoglycemic conditions when taken with insulin

secretagogues (sulfonylureas and glinides) [165,166]. Poonam et al. studied

the influence of garlic (Allium sativum) extract on the hypoglycemic activity

of glibenclamide and indicated possible synergestic HDI. It may also lead to

hypoglycemic conditions when taken with antidiabetic drugs [167]. Cassia

(Cassia occidentalis and Cassia fistula) are medicinal plants that are widely

used to treat diabetes, are reported to have significant antihyperglycemic

activity in normal and alloxan-induced diabetic rats. Their constituents

inhibit the CYP2C9 activities for which glibenclamide, glimepiride, glipizide,

nateglinide, and rosiglitazone are substrates and CYP3A4 for which pioglita-

zone and repaglinide are also substrates [167]. In type-2 diabetes, Aloe vera
interactions with antidiabetic drugs like glibenclamide, pioglitazone, or repa-

glinide are reported [168]. Andrographis paniculata, herb commonly used

by individuals with diabetes, has been shown to inhibit CYP2C19 activity

[169,170]. Arhewoh et al. conducted a study on the interaction between met-

formin and constituents of a commercial HPs. The study reported that coadmi-

nistration of metformin and Yoyo bitters acted antagonistically to the

hypoglycemic effect of metformin in IVIV models [171]. Sandhya et al. stud-

ied the influence of cinnamon and reported that increased AUC levels of pio-

glitazone on pretreatment with cinnamon. It suggested an HDI which

decreased the metabolism of pioglitazone as a result of CYP 3A4 inhibition

and thereby producing a potentiating effect [172]. Rashmi et al. studied the

influence of poly-herbal formulation (Mehagni) including curcumin, amalaki,

madhunasini (gymnemic acid), and Salacia oblonga, on glibenclamide mainly

on plasma glucose levels, lipid levels, and pharmacokinetic parameters in

patients with type-2 diabetes mellitus (DM). This herbal formulation contains

curcumin, a P-gp inhibitor; coadministration is known to increase the bioavail-

ability of different P-gp substrate drugs. The coadministration of poly-herbal

formulation (500mg tablet twice a day) with glibenclamide may have beneficial

effect to the patients in better glycemic control and bioavailability [173].

Moon et al. investigated botanical drug–pharmaceutical DIs between

DW1029M (a botanical extract of Morus alba and Puerariae radix) with met-

formin and linagliptin in the steady state. Coadministration of DW1029M
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with metformin and linagliptin was well tolerated [174]. In Chinese HM,

Astragalus spp. is commonly used as a key herb in antidiabetic formulations.

In healthy human subjects, astragalus extract significantly decreased the Cmax

and increased final velocity (V/F) of pioglitazone whereas an opposite effect

(i.e., increased Cmax and reduced V/F) was observed in those with DM [175].

Rahmatullah et al. reported a clinical case study of HDI from Bangladesh

regarding HP (A. sativum, fruits of Swertia chirata, fruits ofM. charantia, fruits
of Emblica officinalis, seeds of Syzygium cumini, leaves of Ginkgo biloba, fruits
and seeds of Ziziphus mauritiana, roots of Opuntia dillenii, seeds of Lagenaria
siceraria, and bark of A. indica) for treatment of type 2 diabetes [176]. Stage

et al. performed a clinical study regarding intake of antidepressive HM St.

John’s Wort and found that it improves the glucose tolerance in healthy subjects

who ingest metformin compared with metformin alone. Coadministration

reduced the clearance of metformin but other pharmacokinetic parameters were

not affected [177]. Recently Putthapiban et al. conducted a study in multi-

bedded hospital and revealed that a great number of DM patients are interested

in the HMs and dietary supplements. The use of HMs and dietary supplements

for glycemic control is an emerging public health concern given the potential

adverse effects, DIs and possible benefits associated with their use. Healthcare

professionals should be aware of HPs and supplements use and hence incorpo-

rate this aspect into their clinical practice [178].

A STUDY ON HDIs IN CVDs

CVDs are the number 1 cause of death globally and more people die annually

from CVDs than from any other cause. An estimated 17.7 million people died

from CVDs in 2015, representing 31% of all global deaths. Of these deaths, an

estimated 7.4 million were due to coronary heart disease [179]. According to

American Heart Association, 2017 statistics shows that approximately 92.1 mil-

lion Americans die from heart disease each year. Heart disease costs the United

States about $316 billion each year [180]. Use of herbal medications for the

treatment of CVDs is not fully supported by scientific evidence. Although most

of the herbs demonstrate an effect on biological mechanisms associated with

CVDs, available clinical studies are limited in sample size and appropriate con-

trols [181]. Tachjian et al. wrote an article on herbal HPs and potential HDIs in

patients with CVD and based on this, the American Herbal Products Associa-

tion (AHPA) recommended that consumers tell their physicians which herbs

they are taking and that physicians become sufficiently informed to provide

useful advice for their patients who use herbs [6]. Frequently prescribed medi-

cations include anticoagulants, calcium-channel blockers, b-blockers, diuretics,
and platelet aggregation inhibitors [182,183]. Common herbal remedies that are

used as a remedy to treat CV diseases include St. John’s Wort, ginseng, gingko

biloba, garlic, grapefruit juice, hawthorn, saw palmetto, danshen, echinacea,

tetrandrine, aconite, yohimbine, gynura, licorice, and black cohosh [181,182].
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St. John’s Wort results in critical adverse issues, because of its effect on

drug metabolism; it induces the hepatic CYP system, particularly CYP3A4.

Therefore, coadministration of this herb and CV drugs (statins, antiarrhythmic,

beta adrenergic and Ca-channel blockers, Digoxin) metabolized by CYP3A4

should be avoided. It will results in reduced bioavailability and effectiveness

with subsequent recurrence of undesirable health effects [184]. St. John’s Wort

can induce the P-gp, which may reduce the blood levels and efficacy of drugs

[185]. Grapefruit is used as a dietary intervention to lose weight and improve

CV health. Its constituents of naringenin and bergamottin inhibit the CYP3A4

enzyme in small-intestine enterocytes, which increases the levels of CYP3A4

substrates [186]. Asian ginseng may induce the enzymatic activity of the

CYP family and as a consequence, lower the bioavailability of a number of

medications, including warfarin [187]. Salvia miltiorrhiza root (Danshen) is

widely used in Asia for its cardiovascular benefits and contains both hydro-

philic phenolic acids and lipophilic tanshinones. Chen et al. S. miltiorrhiza root

summarized the effects of these bioactive components from S. miltiorrhiza roots
on pharmacokinetics of comedicated drugs. In vitro studies indicated that CYP,

carboxylesterase enzyme, catechol-O-methyltransferase, OAT1 and OAT3, and

P-gp were the major targets involved in S. miltiorrhiza–DIs. Lipophilic tanshi-

nones had much more potent inhibitory effects toward CYPs activities com-

pared to hydrophilic phenolic acids, evidenced by much lower values of the

former HLMs and recombinant CYP isozymes, different inhibitory potency

against various CYPs have been observed for Danshen extract and its individual

constituents [188]. Hu et al. investigated the reversal of P-gp-mediated multi-

drug resistance in colon cancer cells by five tanshinones of S. miltiorrhiza
and found inhibitory effects on P-gp function by cryptotanshinone and

dihydrotanshinone [189]. Hu et al. also studied the inhibitory effect of Danshen

ethanolic extract and components tashinones on CYP2C19 activity in HLMs.

Dihydrotanshinone and miltirone showed potent inhibitory effects and implicate

potential HDIs between Danshen and drugs metabolized by CYP2C19 [190].

Zhou et al. performed enzyme kinetic and MD studies for the inhibitions of mil-

tirone on major CYP450 isozymes and reported to be a weaker inhibitor when

compared to dihydrotanshinone [191]. Ueng et al. studied the inhibition of

liver microsomal warfarin 7-hydroxylation (WOH) activity by 50% methanolic

extract of Shu-Jing-Hwo-Shiee-Tang. Among various ingredients and their

b-glucosidase-hydrolyzed products, hesperetin caused the most potent inhibi-

tion of WOH. Oral administration of extract to rats at 2h after warfarin treat-

ment decreased warfarin clearance and increased the maximal plasma

concentration and the AUC of plasma of warfarin administration [192]. Zhou

et al. studied the impact of curcumin on the pharmacokinetics of rosuvastatin

in rats and dogs based on the conjugated metabolites. Inhibition study using

rosuvastatin as the substrate in OATP1B1 and OATP1B3 transfected cells indi-

cated that curcumin was an OATP1B1 and 1B3 inhibitor. Coadministration of

curcumin significantly increased rosuvastatin concentration in rat and dog
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plasma [193]. Alice et al. evaluated the alcoholic and aqueous bark extracts of

Terminalia arjuna containing triterpenoids (arjunic acid, arjunetin, and arjun-

genin), having an extensive medicinal potential in cardiovascular disorders.

The results strongly suggest that arjuna extracts significantly inhibit the activity

of CYP3A4, CYP2D6, and CYP2C9 enzymes, which is likely to cause clini-

cally significant HDIs mediated via inhibition of the major CYP isozymes

[194]. Han et al. studied the in vitro inhibitory effects of scutellarin on

human/rat CYP enzymes and P-gp and it showed no significant inhibitory

effects on CYP and P-gp. The research group reported that scutellarin is safe

and unlikely to cause any clinically significant HDIs and thus cause the occur-

rence of adverse drug reactions in humans when coadministrated with sub-

strates of the six CYPs and P-gp [195]. Periplocin, an active and toxic

component of the traditional Chinese HM Periploca sepium, is a cardiac glyco-
side compound that has been implicated in various clinical accidents. Liang

et al. investigated the role of transporters in the intestinal absorption and biliary

excretion of periplocin, as well as the possible metabolic mechanism of periplo-

cin in human/rat liver S9 using bidirectional transport assay using MDCK cell

lines. The results of this study showed that the efflux and uptake transporters

P-gp and OATPs were involved in the absorption and biliary excretion of peri-

plocin, which may partially account for its low permeability and bioavailability.

Potential HDIs based on OATPs and P-gp should be taken into account when

using P. sepium in the clinic [196]. Patel et al. investigated the effects of Rooi-

bos extract, prepared from Aspalathus linearis plant material and two of the

major bioactive compounds, Z-2-(b-D-glucopyranosyloxy)-3-phenylpropenoic
acid and aspalathin on recombinant CYP enzymes. Study findings suggest that

HDI may occur when nutraceuticals containing Rooibos extracts are coadminis-

tered with dyslipidemic drug (atorvastatin). Pharmacodynamic HDIs are the

result of the change in effect of a drug by another one [197]. Garlic is thought

to have cholesterol lowering and other antiatherosclerotic and antihypertensive

effects and is used for prevention of CVDs. The risk of bleeding in people using

anticoagulant or antiplatelet agents increases, so its concomitant use should be

avoided especially by patients taking aspirin or warfarin [198,199]. Hawthorn

extract is commonly used by herbalists for treatment of angina, CHF, and

bradyarrhythmia. Hawthorn enhances the activity of digitalis and its concomi-

tant use should be monitored carefully for potential toxic effects [200]. Yohim-

bine increases the release of norepinephrine, resulting in inadequate blood

pressure control in people also using antihypertensive and diuretic agents. Ther-

apeutic efficiency of ACE inhibitors and beta blockers will reduce if taken

alone with yohimbine [201]. Gynura, widely used in Chinese folk medicine

and angiotensin-converting enzyme activity was inhibited in animals resulting

in hypotension [6]. Werba et al. recently published an overview of green tea

interaction with cardiovascular drugs. Green tea may interfere with the oral

bioavailability or activity of cardiovascular drugs by various mechanisms,

potentially leading to reduced drug efficacy or increased drug toxicity [202].
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Yau et al. investigated HDIs between statins and Danshen–Gegen (DG) decoc-

tion on CVDs. The study reported that the cotreatment of atorvastatin and DG

could inhibit the proliferation of vascular smooth muscle cells (A7r5) more than

those groups treated with atorvastatin or DG alone [203].

CURRENT REGULATORY SCENARIO IN DI REPORTING OF HPs

Although modern medicine is well established, majority of the population in

developing countries still depends upon the traditional approaches for their

primary healthcare. Moreover during the past decades, public interest in natu-

ropathic approaches has doubled in developed countries, with expanding use

of medicinal plants and HMs. Where HMs and related products are neither

registered nor controlled by regulatory bodies, a special approval system is

needed to screen the constituents, demand proof of quality before marketing,

which makes license holders to report adverse reactions during postmarketing

surveillance period [204].

The US Food and Drug Administration (FDA) received jurisdiction to reg-

ulate HPs under the Dietary Supplement Health and Education Act (DSHEA) in

1994. New regulatory guidelines for the investigation of DIs were released in

2012: The FDA published the draft guidance for comment in February, 2012

[205,206]. The new European Medicines Agency (EMA) guidelines on the

investigation of DIs came into effect on January 01, 2013 [95]. The Japanese

Ministry of Health, Labour, and Welfare (MHLW) published the tentative guid-

ance in January, 2014 [95,207]. In Canada, natural health product directorate

(NHPD) branch of health controls the natural health products. HPs manufac-

turers in Canada must provide evidence to support both the safety and efficacy

of a product before market approval when compared to other regulatory agen-

cies. A summary of information about the interaction potentials with other

medicinal products, foods, or clinical laboratory tests must be provided

[208,209]. The EMA, FDA, and MHLW require a variety of metabolic trans-

porter studies to be performed for HDIs. HPs marketed after passage of the

DSHEA are subject to a premarket review of safety data, whereas products sold

prior to the passage of the DSHEA are exempt [1]. In India, the Ministry of

AYUSH (Ayurveda, Yoga and Naturopathy, Unani, Siddha, and Homeopathy)

was formed in November 2014 by elevation of the Department of AYUSH,

with a view to providing focused attention on the development of education

and research in these disciplines. The Government of India imposed good

manufacturing practices (GMP) under the Drug and Cosmetics Act, 1940, to

ensure and enhance the quality of alternative medicines (Ayurveda, Siddha,

and Unani) and also set up a testing laboratory (Pharmacopoeial Laboratory

for Indian Medicine) specifically for these systems of medicine [164,210]. Reg-

istration under traditional herbal medicinal products directive requires more

information than the FDA requires for dietary supplements but less information

than the FDA or EMA requires for conventional drugs [1].
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Compared to earlier editions, both of the new draft guidance documents

contain much more extensive recommendations for in vitro and in vivo stud-

ies. They suggest approaches to evaluate DDIs mediated via CYP’s as well as

non-CYP enzymes and including those in emerging areas of science such as

modeling approaches and transporters. The latest revisions are conceivably

based on the considerable scientific progress made over the last 2 decades

toward understanding the role of DMEs in DDIs, as well as increasing numbers

of reports on effects related to transporters. Nevertheless, the newer aspects of

the draft guidance have been already started to implement by the companies

and researchers [211,212]. With the increasing use of HPs in the society, the

clinical importance of HDIs depends on several impacts associated with the

specific herb, drug, and patient [213]. DDIs are examined at all stages of drug

development and it includes the following: (1) preclinical in vitro studies of

drug metabolism and DDIs to determine which in vivo studies should be con-

ducted, (2) early-phase in vivo studies to assess the most important potential

HDIs suggested by in vitro data, and (3) late-phase population pharmacokinetic

studies to expand the range of potential interactions including unexpected ones,

and to allow examination of pharmacodynamic DDIs [1].

The goal of all the regulatory guidance is to ensure safety and efficacy in

drug therapy. The majority of drug candidates fails after phase 1 clinical trial,

if the interaction reporting guidance of the regulatory bodies, is not appropri-

ately applied during drug development process. An increased emphasis on

metabolic transporter-based HDI evaluations, involving both IVIV models

studies. A more broad angle of HDIs has been emphasized in the current

guidance drafts regarding the incorporation of in vitro metabolic enzyme/

transporter interaction study data to predict the nature and extent of clinical

HDI studies. Model-based approaches like physiologically based pharmacoki-

netic (PBPK) are highly recommended HDI screening and result from PBPK

analysis carries more weight than other models. They facilitate integration of

in vitro and in silico data generated for predicting the tissue dosimetry in the

whole animal, thus reducing and the use of animals in pharmacokinetic inter-

action studies. HDI studies are currently gaining importance in recent years

and the role and impact on drug disposition are presently less well established

after the implementation of guidances by various regulatory agencies. Signifi-

cant knowledge should be generated specifically on HDIs and continuous

research should be done before its drafting and implementation [11,213–215].

CONCLUSION AND FUTURE PERSPECTIVE

Currently, millions of people are using HPs and supplements with the assump-

tion that they are “safe” for consumption; there is very little information avail-

able on the HDIs. The remedy for this trend is not to suppress the intake of

HPs and supplements, but rather to induce rational, safe, and effective use.

Healthcare providers should be vigilant of potential HDIs and adopt proper
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strategies by educating themselves as well as their patients to avoid such inter-

actions. It is also significant that the clinicians, pharmacists, and nursing staff

are well educated in HPs, HMs, and other health supplements. Patients should

take the expert suggestions before intake of the any alternative medicines or

HSs. Gap of knowledge for many herbs and their active ingredients interactions

with drugs used for various ailments in so-called developing nations have to be

minimized. The regulatory agencies must issue proper guidelines for the imple-

mentation of HDI screening. An obstacle to this utopian implementation is

the lack of training in HM of many conventional medical practitioners, along

with the lack of clinical and laboratory studies with various herbs. Documenta-

tion of such adverse events and their responses should be in the medical

records and informed to the regulatory authorities without any delay to reduce

and prevent any future HDI events. However, clinical and experimental data

on HDIs related to metabolic disorders like diabetic and cardiovascular DIs

are not fully explored and thrust must be given to clinical-based evidences by

performing experiments using animal models along with the in silico and

in vitro approaches. Therefore, more research should be conducted in order to

ensure rational use of HMs in combination with allopathic medicines.
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ABBREVIATIONS

ABC ATP-binding cassette transporters

ADA American Diabetes Association

ADME absorption, distribution, metabolism, and excretion

AHPA American Herbal Products Association

APCI atmospheric pressure chemical ionization

APIs active pharmaceutical agents

AUC area under the curve

AYUSH Ayurveda, Yoga and Naturopathy, Unani, Siddha, and

Homeopathy

BCRP breast cancer resistance protein

BSEP bile salt export pump

CID collision-induced dissociation

CL clearance
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CLintrinsic intrinsic clearance

Cmax maximum concentration

CYP cytochrome P450

DG Danshen–Gegen
DIs drug interactions

DM drug metabolism

DM diabetes mellitus

DMEs drug-metabolizing enzymes

DRA docking-based rank aggregation

DSHEA Dietary Supplement Health and Education Act

DT drug transporters

EMA European Medicines Agency

ESI electrospray ionization

FDA Food and Drug Administration

GMP good manufacturing practices

GSTs glutathione S-transferases
HBSS Hank’s Balanced Salt Solution

HC high concentration

HDIs herb–drug interactions

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HLM human liver microsome

HMs herbal medicines

HPs herbal products

HS herbal supplements

HTS fluorometric high-throughput screening

IC50 inhibitory concentration

IVIV in vitro–in vivo
k elimination rate constant

Ki inhibitor constant

LC low concentration

LC–MS liquid chromatography coupled with mass spectrometry

LC–MS/MS liquid chromatography tandem mass spectrometry

LIT linear ion trap

LP low percentage of inhibition

MD molecular docking

MDCK Madin–Darby canine kidney

MHLW ministry of health, labour, and welfare

MRM multiple reaction monitoring

MRP multidrug resistance protein

NADPH nicotinamide adenine dinucleotide phosphate

NHPD natural health product directorate

NPs natural products

NTCP sodium taurocholate cotransporting polypeptide
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OATs organic anion transporters

OATPs organic anion transporting polypeptides

OCT organic cation transporters

OTC over-the-counter

Papp apparent permeability

PBPK physiologically based pharmacokinetic

PBS phosphate-buffered saline

P-gp P-glycoprotein

PK–PD pharmacokinetics and pharmacodynamics

PXR pregnane X receptor

QSAR quantitative structure–activity relationship

RED rapid equilibrium dialysis

Rh123 rhodamine 123

RLM rat liver microsomes

SAR structure–activity relationship

SLC solute carrier transporters

SRM selected reaction monitoring

T1/2 terminal elimination half life

TCDB transport classification database

TCM Traditional Chinese Medicine

TEER transepithelial electrical resistance

Tmax time of maximum concentration

UDGPA uridine diphosphoglucuronic acid

UGTs uridine diphospho-glucuronosyltransferases

V total incubation volume

Vss volume distribution

WHO World Health Organization

WOH warfarin 7-hydroxylation
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Liquid Chromatography–Mass Spectrometry 
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Detection in Herbal Products
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Abstract An ever increasing global demand for herbal-based medicines in recent 
years has resulted in a serious public concern over its quality and safety. The con-
sumption of adulterated herbal products can lead to unexpected and unpredictable 
pharmacological responses in the human body and various health-related risks. 
Adulteration of herbal products is a global concern and poses a major challenge for 
analytical laboratories to detect and characterize them. Liquid chromatography cou-
pled with mass spectrometry (LC–MS) is widely used for screening of adulterants, 
mainly due to their high selectivity and sensitivity, which is crucial for analyzing 
complex natural product samples. The present article consists of an overview of 
drug adulteration and evaluation of herbal products with a special reference to the 
approaches in adulterant detection and regulatory perspectives to control such mal-
practices. Also, adulteration in slimming phytotherapeutic formulations, PDE-5 
inhibitors in herbal formulations has been discussed.

Keywords  Adulterants  •  Herbal  slimming  products  •  Liquid  chromatography–
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3.1  Introduction

Since ancient times, plants have been a prime source of herbal medicines for the 
treatment of several human diseases. Medicinal plants are most abundant in tropical 
countries and are relied upon to support, promote, retain and regain human health 
worldwide. According  to  the World  Health  Organization  (WHO),  up  to  80 %  of 
people living in developing countries still depend principally on medicines from 
herbal sources for their healthcare concerns (WHO 2005). Systems of herbal medi-
cines and formulations that are widely used in national healthcare systems around 
the world include Ayurvedic medicine, Chinese medicine, Unani medicine, Western 
herbal medicine, Japanese Kampo medicine and Tibetan Buddhist medicine. These 
traditional medicines are characterized in several ways under various jurisdictions 
around the world and are commonly sold either as a prescription or over-the-counter 
(OTC)  medicines.  It  was  estimated  that  about  25 %  of  all  pharmaceuticals  are 
directly or indirectly derived from higher plants (Bandaranayake 2006). In contrast 
to synthetic drugs and its analogues, herbal medicines are perceived to be safe and 
harmless due to their natural origin. Ascending health consciousness, growing 
health concern had boosted the attention towards preventive healthcare including 
the use of herbal products and supplements. According to Global Industry Analysts 
(GIA), the global herbal supplements and remedies market is forecasted to reach US 
$115  billion  by  the  year  2020,  accelerated  by  ageing  population  and  increasing 
consumer awareness (GIA 2015). According to an estimate by WHO, the current 
requirement of herbal products is US $14 billion a year, and by the year 2050, it has 
a potential of US $5 trillion in trade (Aneesh et al. 2009).

Europe is the biggest market for the herbal health supplements, whereas Asia- 
Pacific is advancing at the fastest rate, largely owing to China and India with double- 
digit compound annual growth rate (CAGR) through 2017 (GIA 2015). India has 
2.4 % of the world’s area with 8 % of global biodiversity. In India, 80 % of the total 
population stays in the rural community and utilizes herbal medicines for various 
ailments. About  25,000  effective  herbal-based  formulations  are  utilized  in  tradi-
tional medicine in India, and more than two million practitioners are using the tra-
ditional therapeutic approaches for healthcare. It is estimated that more than 8000 
plus manufacturing units are involved in the production of natural health products 
and traditional plant-based formulations in India, which requires tonnes of herbals 
annually as raw material. The government of India also has extended encourage-
ment and support for the‘traditional Indian medicine’ (TIM) sector by establishing 
a separate department for the Indian systems of medicine and homoeopathy now 
known as AYUSH (ayurveda, yoga, unani, siddha, homoeopathy) in March 1995 to 
promote indigenous systems (Aneesh et al. 2009). In recent years, several reports 
have claimed the presence of synthetic drugs or modified analogues of approved or 
non-approved drugs in herbal remedies (Al-Safi et al. 2008; Bandaranayake 2006; 
Rocha et al. 2016; Starr 2015; Venhuis et al. 2009; WHO 1998). These adulterants 
are mixed with herbal products to increase the efficacy of the herbal products. The 
adulteration can give rise to the manifestation of various unpredictable responses in 
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the human body, either due to the isolated effects or due to its drug-herbal interac-
tions in the formulations (Liang et al. 2006). In many cases, the resulting side effects 
of adulterants could even be life threatening (George 2011).

The herbal formulations and supplements which are most regularly adulterated 
with pharmaceuticals are usually those advertised for treatment of various condi-
tions such as obesity or erectile dysfunction, slimming agents and chronic illnesses 
(diabetes mellitus, hypertension, arthritis etc.) (Kanan et al. 2009; Li et al. 2010; Lu 
et al. 2009; Balayssac et al. 2009; Rocha et al. 2016). Another set of products which 
are frequently adulterated is nutritional supplements targeting bodybuilders and 
sports personalities (De Cock et al. 2001).

Adulteration is a global problem and poses a major challenge for analytical labo-
ratories to identify, detect and to characterize adulterants. The practice of adultera-
tion violates the laws of regulated countries because those herbal formulations are 
registered in disagreement with their real compositions (Deconinck et al. 2013). 
However, several studies have reported certain synthetic chemicals as adulterants in 
herbal products, representing a huge risk for public health (Cianchino et al. 2008; 
Holzgrabe and Malet-Martino 2011). This chapter covers an overview of drug adul-
teration in herbal products, evaluation of herbal products with special reference to 
the ‘liquid chromatography–mass spectrometry’ (LC–MS) approaches in adulterant 
detection and regulatory perspectives to control such malpractices. Also, adulter-
ants in slimming phytotherapeutic formulations, PDE-5 inhibitors in herbal formu-
lations have been discussed.

3.2  Drug Adulteration

An adulteration is an act of substituting the original crude drug partially or fully 
with other materials which are either free from or inferior in therapeutic and chemi-
cal properties or addition of low grade or spoiled drugs or entirely different drug 
similar to that of original drug substituted with an intention of making a profit 
(Kamboj 2012). Some manufacturers include synthetic pharmaceuticals in their 
products  marketed  as  ‘herbal  medicine’  or  ‘dietary  supplement’,  to  enhance  the 
effect of their products. The adulteration of herbal drugs is a serious issue in the 
herbal industry, and it has caused a severe concern in the commercial use of phyto-
products and supplements. Adulteration takes place in two ways: (i) direct or inten-
tional adulteration and (ii) indirect or unintentional adulteration.

3.2.1  Direct or Intentional Adulteration

Direct or intentional adulteration includes practices in which herbal drug is substi-
tuted partially or fully with other inferior products. Due to the morphological simi-
larity with the authentic plants, much poor quality or inferior herbal materials are 
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used as adulterants, which may or may not have any therapeutic values. For exam-
ple, beeswax mixed with the coloured paraffin wax, papaya seed mixed with black 
pepper seed, citral to citrus oil products, liquorice powder mixed with olive powder 
and certain pharmaceuticals and its analogues are also used as adulterants (Ahmad 
et al. 2014; Kamboj 2012; Mukerjee 2002; Prakash et al. 2013).

3.2.2  Indirect or Unintentional Adulteration

This kind of adulteration may occur without any bad intention of the manufacturer 
or supplier. These products enter the market without any proper evaluation. Factors 
like growth conditions, geographical source, processing technology and storage 
conditions can interfere with the quality of the herbal product. For example, there 
may be a degradation of glycosides by enzymatic hydrolysis if digitalis leaves are 
dried  above  65  °C.  Use  of  such  sub-standard  material  affects  the  quality  of  the 
herbal product (Ahmad et al. 2014; Kamboj 2012; Mukerjee 2002; Prakash et al. 
2013).

3.3  Limitations in Screening of Herbal Products 
and Supplements

Standardization of an herbal product has to start from the cultivation stage itself. 
Analysis of raw materials for authentication, preliminary evaluation, chromato-
graphic profiles, pesticides residue and heavy metal detection also need to be car-
ried out. Herbal and its extract may contain several known and unknown components 
and some of which may be present in trace amounts, hence requirement of a sensi-
tive tool for their detection and quantification poses a challenge to the analyst (Fan 
et al. 2006; Luis Cuadros-Rodríguez et al. 2016; Tistaert et al. 2011).

Screening and structure elucidation of novel adulterants and analogues which 
have not been previously reported in herbal products make the analytical task chal-
lenging. Additionally, the adulteration of herbal product with a single drug, a pro-
ducer may use multiple moieties in trace quantity to achieve the desired effect and 
simultaneously make the process of detection more difficult. The complexity of 
matrixes of interest and the possible presence of very minute levels of adulterants, 
highly sensitive and selective analytical techniques thrust the need for their screen-
ing and estimation (Patel et al. 2014; Venhuis and De Kaste 2012).
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3.4  Drug Evaluation

The confirmation of herbal drug identity and estimation of quality and purity is 
known as its evaluation. The drug from herbal sources generally can be evaluated or 
identified by the following five methods: organoleptic evaluation, morphological 
evaluation, macroscopic evaluation, microscopic evaluation and physical and chem-
ical evaluations. Bioassays are used to evaluate the strength of drug in its prepara-
tion (Busse 2000; Kamboj 2012).

3.4.1  Analytical Evaluation

In general, quality control in pharmacopoeias is based on three important termi-
nologies like identity, purity and content or assay. The content is the most critical 
one to assess, because, in most herbal formulations, the active constituents will be 
known or unknown and may be present in trace amount. Criteria like physical con-
stants, moisture, ash content and solvent residues are also needed to be evaluated to 
prove identity and purity. The botanical identity of the herbals is of prime impor-
tance in establishing the quality control of herbal drugs and supplements. When the 
active constituents are known or unknown, a vast set of modern analytical approaches 
can be employed for the standardization of quality assurance and quality control 
(QAQC) (Busse 2000; Jordan et al. 2010; Kunle et al. 2012).

3.4.1.1  Chromatography and Chemical Fingerprints of Herbal Medicines

The determination of most of the phytoconstituents of herbal products is essential to 
guarantee the reliability of pharmacological and clinical research, to explore their 
bioactivities and possible side effects of active compounds. It enables to improve 
product quality and to enhance regulatory need. The chromatographic techniques, 
such  as  high-pressure  or  high-performance  liquid  chromatography  (HPLC),  gas 
chromatography (GC), capillary electrophoresis (CE) and high-performance thin- 
layer chromatography (HPTLC), can be applied  for quality assessment of herbal 
products (Jordan et al. 2010; Kunle et al. 2012; Sahoo et al. 2010; Tistaert et al. 
2011). According to the phytoequivalence concept developed in Germany, the chro-
matographic fingerprint-like chemical profile should be constructed and compared 
with the profile of a clinically proven reference product to ensure consistency of 
herbal products (Bauer 1998; Veit and Gaedcke 2004). Chromatography offers very 
powerful separation tools for complex chemical components in herbal fingerprints 
produced by the chromatographic instruments. It represents a relatively good illus-
tration of various phytoconstituents of herbals and its products.

N. Satheeshkumar et al.

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211



3.4.1.2  Liquid Chromatography–Mass Spectrometry

Adulteration of phytotherapeutic products and supplements has been discussed in 
several reports. Therefore, the development of instrumental analytical methodolo-
gies for detection of adulterants is of great relevance. Advances in the hyphenated 
instrumental techniques like liquid chromatography–tandem mass spectrometry 
(LC–MS/MS) have now made it possible to detect synthetic drugs and their struc-
tural analogues as adulterants selectively and with the highest sensitivity (Haneef 
et al. 2013). Over the past years, LC has been extensively applied in analysis and 
adulterant screening of herbals and its products. Since it is easy to learn and can be 
used to separate and analyze almost all the compounds in the herbal medicines by 
various detectors. LC chromatographic fingerprints can be utilized for the documen-
tation of complete herbal extracts with adequate data that makes the on-line qualita-
tive analysis possible. The qualitative analysis or structure elucidation of the 
chemicals  in  herbal  drug  and  its  products  with  simple  HPLC  is  not  possible. 
Therefore, hyphenated analytical techniques like LC–IR, LC–MS and LC–NMR 
have to be utilized for this kind of analysis (Haneef et al. 2013; Jalili et al. 2015; 
Nikam et al. 2012; Rasheed et al. 2013).

LC–MS is an analytical methodology that hyphenates the separation capabilities 
of LC with the mass analysis power of mass spectrometry. LC–MS is a powerful 
technique utilized for several applications requiring high sensitivity and selectivity 
with maximal accuracy. In the past years, several reports on LC–MS analysis of 
herbal medicines and products have been published. This trend reflects the advan-
tages of LC–MS in solving complex problems in herbal products. There are mainly 
two primary ionization methodologies: electrospray ionization (ESI), atmospheric 
pressure chemical ionization (APCI) and atmospheric pressure photoionization 
(APPI). The ESI is primarily applied for the analysis of charged species, while 
APCI approach is commonly used for uncharged or difficult to charge species. Both 
are soft ionization techniques compatible with the most chromatographic separa-
tions. The LC–DAD–MS technique takes the advantage of chromatographic separa-
tion and detection using both DAD and MS. By utilizing hyphenated techniques, 
one could identify the chromatographic peaks and directly perform the on-line com-
parative study. With these advantages, LC–MS has now become the most employed 
approach for high throughput for the rapid screening and analysis of phytochemical 
constituents and adulterants in botanical products. In the analysis of the chemical 
components in herbal drugs, LC–MS technique is also used for the separation and 
identification of a variety of similar structural compounds and unknown adulterants, 
as an important qualitative tool. Screening and characterization of novel analogues 
as adulterants can also be carried out with the advanced LC–MS techniques that 
focus on marker fragment ions (Gross 2004; Lau et al. 2003; Luis Cuadros- 
Rodríguez et al. 2016; Rocha et al. 2016). Thus, LC–MS has become the most sen-
sitive and reliable methodology for quality control and standardization of the herbal 
products.

Nowadays tandem mass spectrometry is used all over the world for the screening 
of adulterants in herbal medicines. Mass spectrometry consists of sample inlet 

AU1
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device, an ionization device, an ion path and detector. Every mass spectrometer also 
requires necessary auxiliary components with a device for signal processing with a 
combination of firmware and computer software. An MS/MS has two mass- selective 
devices, which is arranged in tandem that picks the precursor ion of the respective 
analyte, which is then passed into a collision cell, and very low flow of a collision 
gas is utilized for the disintegration of the precursor ions to several product ions. 
The second filter (selective device) behind the collision cell scans the product ions 
that are generated according to their respective m/z ratio. The term triple quadrupole 
mass spectrometer is used as synonymous to two quadrupole mass filters and colli-
sion cell, because it may represent a quadrupole (Dawson 2013; Holcapek et  al. 
2012). LC–MS/MS instrumentation allows the analyst to perform within the limits 
of sensitivity and mass resolution. Different kinds of experimental modes like full- 
scan mode used to identify the precursor ion, product ion scan mode to determine 
the fragments m/z ratios, precursor ion scan mode to confirm that only the molecule 
of interest gives rise to the m/z product ion and neutral loss scan mode for checking 
the related compounds family. Selective reaction monitoring (SRM) and multiple 
reaction monitoring (MRM) methodologies are most commonly used in sensitive 
and specific quantitation with LC–MS/MS. This reality has been fostered in large 
part by the tremendous revolution in computer processing technology, storage capa-
bilities and retrieval of analytically processed data (Cappiello 2006; Dawson 2013). 
Operational modes of triple quadrupole mass spectrometers are presented in 
Table 3.1.

Newer hybrid MS instruments (LTQ–FT and LTQ–orbitrap) and processing tool 
packages (Thermo Fischer Scientific, USA) offer the option of multiple recording 
of MS signal intensities and identification. Tactical approaches for signal normal-
ization, correcting variations in LC performances, are developed and employed with 
the help of fully automated computational software platforms for the label-free MS/
MS analysis (Kee et al. 2015). On a conventional LC–MS/MS, the search for 

Table 3.1 Operational modes of triple quadrupole mass spectrometers

Modes Q1 Q3 Applications

Full scan Scanned Scanned 1. Allows to see all ions contained in a sample
No CID gas in Q2

Product scan Fixed Scanned 1. Structural studies
2. Identification of unknowns

CID gas in Q2 3. Confirmation by spectral matching
Precursor scan Scanned Fixed 1. Structurally similar analyte detection, which 

produces a common fragment ionCID gas in Q2
Neutral loss scan Scanned Scanned 1. Structurally similar analytes detection that 

eliminates or gain a common neutral molecule or 
selected common chemical group on collision

CID gas in Q2

Multiple reaction 
monitoring (MRM)

Fixed Fixed 1. Highly specific detection and sensitivity 
detection of a single or multiple targeted analytesCID gas in Q2

Q1 quadrupole 1, Q2 quadrupole 2 (collision cell), Q3 quadrupole 3, CID collision-induced dis-
sociation
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unknown adulterants requires multiple injections. One injection in full-scan LC/MS 
mode and second injection for targeted LC–MS/MS experiments. This step increases 
the time of the analyst to construct MS/MS method and to obtain MS data. The 
survey scan feature of the Waters Xevo TQ-MS instrument allows intelligent switch-
ing from LC–MS to LC–MS/MS data modes in a single run, thus bringing high 
throughput analysis. In ScanWave mode, duty cycle improvements result in a signal 
enhancement in scanning acquisition modes, which facilitates the detection of low- 
level adulterants. Consequently, a wide dynamic range of scan survey programmes, 
the rapid sampling rate for MS/MS generation, along with boosted delectability and 
fragmentation, will generate quality spectra for low-abundance species for adulter-
ants present in herbal drugs (Patel et al. 2015). Advancement in analytical instru-
mentations had led to the introduction of rapid and effective separation techniques. 
MS systems capable of detecting, confirming and performing structural elucidation 
of multiple specific or non-specific analytes are available.

The wide range of data acquisition modes of MS data can be utilized for the 
detection and screening of known and unknown pharmaceutical adulterants in 
herbal remedies. Selected ion monitoring (SIM), an acquisition mode, is used with 
quadrupole mass analyzers to perform the analysis selectively. Significantly higher 
selectivity and sensitivity can be gained in selected reaction monitoring (SRM) and 
multiple reaction monitoring (MRM) modes through detection of characteristic 
product ions, formed by collision-induced dissociation (CID) of the precursor ion. 
The triple quadrupole instruments operated in MRM mode and the recording of one 
or more transitions for each target compound have been commonly employed LC–
MS strategy and approach for targeted screening and quantification of adulterants in 
herbal products and supplements. The technology enhancement has revolutionized 
sensitivity, speed, reliability and performance delivered by these instruments. The 
QTRAP, LC–MS/MS systems of AB Sciex featuring the multicomponent 
IonDrive™ technology and advanced with a novel IonDrive High Energy Detector+, 
pushes the limits of LC–MS/MS quantitation superior to the past models in herbal 
adulteration screening. Performing MRM and scanning with high sensitivity LC–
MS/MS system enable an analyst to identify, characterize and quantitate known and 
unknown adulterants more quickly and easily (Patel et al. 2015). The list of various 
LC–MS instruments based on mass separation methods has been given in Table 3.2.

Considering the European Union (EU) requirements for the performance of ana-
lytical methods for adulterants in herbal products and supplements and its result’s 
interpretation, monitoring of at least two MRM transitions along with an evaluation 
of their relative intensities is recommended for screening and identification of an 
analyte (Jordan et al. 2010). The number of transitions monitored for each adulter-
ant which can be simultaneously analyzed to obtain acceptable sensitivity is limited 
by the time, i.e. time spent for acquisition for MRM transition. The evolution of the 
hybrid technology of MS system facilitated with a support consisting of drug data-
bases and data in the scientific manuscripts can become advanced and effective 
tools for screening of adulteration of herbal products and supplements. This advance 
has made it possible to combine various scanning modes to analyze and interpret 
both MRM data as well as product ion scan spectra in a single LC–MS run. Library- 
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based screening and quantitation are possible with this hybrid technology, which 
can be utilized for synthetic pharmaceuticals and its analogues in herbal remedies 
(Chen et al. 2009). The UNIFI, an adulterant screening application, detects the exis-
tence of any synthetic compounds and then confirms the adulterant through an auto-
matic reviewing process. It helps an analyst to draw a conclusion quickly. Figure 3.1 
displays the flow of the analytical process involved in generalized screening 
approach. It integrates all the steps like data acquisition, peak picking, library 
searching, fragment ion confirmation and report generation in a systematic way. An 
additional provision of structure elucidation tools allows further scanning on 
unknown peaks that did not show matches from the adulterants library in the data-
base (AB Sciex 2015).

In-house constructed product ion spectra library can be utilized for the concen-
tration identity confirmation of undeclared drugs based on the areas of MRM traces 
(Chen et al. 2009). The collision energy setting in product ion scan experiments has 
to be optimized because it applies to all the analytes, and it may be troublesome to 
obtain data suitable for identification. To solve this issue, it is advisable to perform 
fragmentations at low, medium and high collision energy values and use averaged 
mass  spectra  rather  than  those  obtained  under  single  collision  energy.  High- 
resolution mass spectrometric (HRMS) instruments such as Fourier transform ion 
cyclotron resonance (FT-ICR), time of flight (TOF) or orbital ion trap (IT) provide 
high sensitivity in full-scan mode and accurate mass measurements. It can be uti-
lized for the estimation of the elemental composition of detected ions and to enhance 
the selectivity of measurement by extracting the ion chromatograms of known or 
unknown compounds with narrow mass windows. Even though TOF instruments 
may provide accurate mass, but the disadvantage of TOF mass analyzers lies in the 
quantitative  applications  (Holcapek  et  al.  2012). The pros and cons of LC–MS 
instrument used for quantitation are summarized in Table 3.3.

Table 3.2 The list of various LC–MS instruments based on mass separation methods

Ion transmission 
instruments

Scanning Magnetic sector
Double focusing
Quadrupole (Q)

Non-scanning Time of flight (TOF)
Trap instruments Q-trap

Ion trap (IT)
Fourier transform ion cyclotron resonance (FT-ICR)

MS/MS systems Tandem Triple quadrupole (QqQ), TOF–TOF
Hybrid Q–IT, Q–TOF, IT–TOF, Q–FT-ICR, LTQ–FT and 

LTQ–orbitrap

Q–IT quadrupole–ion trap, Q–TOF quadrupole–time of flight, IT–TOF ion trap–time of flight, 
Q–FT-ICR quadrupole–Fourier transform ion cyclotron resonance, TOF–TOF time of flight–time 
of flight, LTQ–FT linear ion trap–Fourier transform ion cyclotron resonance, LTQ–orbitrap linear 
ion trap–orbitrap
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Table 3.3 Summary of pros and cons of common types of LC–MS instruments

LC–MS type Pros Cons

Single 
quadrupole

1. Good scan function 1. Limited mass range
2. Good selectivity/sensitivity using 
SIM scanning

2. SIM functionality can be prone to 
matrix interferences

3. Good dynamic range 3. Low resolution
4. Quick + ve/− ve ionization

Triple 
quadrupole

1. Good scan function sensitivity 1. Low resolution
2. Excellent sensitivity and selectivity 
with MRM, even with matrix

2. Limited mass range

3. Excellent duty cycle with MRM
4. Simultaneous analysis of multiple 
analytes is possible with MRM
5. High dynamic range
6. Fast + ve/− ve ionization
7. Neutral loss, product and precursor 
ion are also available

Ion trap (low 
resolution)

1. Very high full scan sensitivity 1. Can suffer from matrix 
interferences

2. Full-scan MSMS and MSn 
capability

2. When doing simultaneous full 
scan and MRM acquisitions duty 
cycle is slower when compared to a 
triple quadrupole

3. Ideal for structural elucidation 3. Low resolution, but can run at 
higher resolution4. Can perform targeted quantitation 

using SIM scan functions
5. Some linear ion traps can perform 
simultaneous full scan and MRM 
experiments

Ion trap (high 
resolution)

1. High full scan sensitivity in MS, 
MSMS and MSn mode

1. Resolution can be affected by 
scan speed

2. Good dynamic range 2. Orbital trapping devices can have 
a limited dynamic range

3. High resolution can provide good 
selectivity using exact mass 
measurement

3. Can be affected by matrix
4. Limited mass range

TOF (high 
resolution)

1. Good scan functionality and 
sensitivity

1. Lower sensitivity when compared 
to a triple quadrupole running MRM

2. High resolution, provides high
3. Selectivity through exact mass 
measurement
4. Good dynamic range
5. Ability to get quantitation on multiple 
analytes in a single acquisition
6. Mass range: 20,000 m/z

(continued)
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3.5  Adulteration of Herbal Slimming Products 
with Synthetic Drugs

Nowadays obesity is growing as a worldwide public health issue that affects mil-
lions of people (Correia 2008). The WHO estimates that more than 1.4 billion adults 
are overweight, and at least 500 million people are obese. Obesity is defined regard-
ing body mass index (BMI). For normal people, it ranges between 25 and 30 kg m−2. 
A person with BMI greater than or equal to 30 kg m−2 is considered as overweight 
(Keding et al. 2013; WHO 2013). Given  the social and medical  impact of being 
obese, as well as the issues in making diet control and physical exercises, it is not a 
wonder that patients often turn to over-the-counter (OTC) proprietary weight-loss 
products (Wang et al. 2008). Misguiding advertisements of some products have 
boosted the demand for phyto-formulations for obesity treatment. Furthermore, the 
beauty standards set by the influence of media has also made the population have 
enhanced demand on herbal slimming products. The consumption of herbal prod-
ucts and supplements claiming the potential to be used as slimming agents has 
enhanced markedly in the past decade. Herbal products and supplements that claim 
to have a weight-loss effect are marketed globally with the help of the internet facil-
ity (Ancuceanu et al. 2013; Ozdemir et al. 2013). These slimming products claimed 
to be natural, but the reports of adulterations with drugs for the treatment of obesity 
and constipation is increasing day by day (Al-Safi et al. 2008; Ancuceanu et al. 
2013; Phattanawasin et al. 2012; Russo et al. 2016). Stimulants, laxatives and 
diuretics are also reported to use as adulterants in slimming formulations (Fraser 
and Wen 1998). Anorexics derived from amphetamines are also more frequently 
found in the phytoproducts used for slimming purposes. Fenproporex and fluoxetine 
were also identified as adulterants. Amfepramone, fenproporex and diazepam have 
been identified in commercialized slimming phytoproducts (Almeida et al. 2000; 
De Carvalho et al. 2011). Ephedrines, synephrine and caffeine used as stimulants 
were also reported as the most used drugs for slimming purposes (Viana et al. 2016). 
A pictorial representation of adulteration of herbal products with slimming agents 
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Table 3.3 (continued)

LC–MS type Pros Cons

qTOF (high 
resolution)

1. Good full scan sensitivity 1. Lower sensitivity when compared 
to a triple quadrupole running MRM2. Good MS/MS scan functions

3. High resolution, providing high
4. The degree of selectivity via exact 
mass measurement
5. Good dynamic range
6. Ability to get quantitation on multiple 
analytes in a single run
7. Mass range more than 20,000 m/z
8. Resolution not affected by 
increased scan speed
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is depicted in Fig. 3.2. USFDA-approved anti-obesity drugs sibutramine and orlistat 
have been more frequently found adulterants in slimming phytotherapeutics. In 
2010,  the  European  Medicines Agency  (EMA)  recommended  the  withdrawal  of 
sibutramine by the European Union because of increased cardiovascular risks like 
tachycardia and arterial hypertension (Reeuwijk et al. 2014; Cohen and Ernst 2010; 
Muller et al. 2009). Psychiatric symptoms like psychosis and hypomania were also 
reported at the dose levels of sibutramine (Reeuwijk et al. 2014; Waszkiewicz et al. 
2012). Also, adverse effects of N-mono-desmethyl sibutramine (DMS) and N-di- 
desmethyl sibutramine (DDMS) have been documented (Chen et al. 2009; Vidal 
and Quandte 2006). Another adulteration on slimming herbal product has again 
reported the presence of sibutramine as an undeclared product in a Chinese phyto-
therapeutic formulation (Jung et al. 2006).

Given these reports, quantitative monitoring of pharmaceutical agents present in 
weight-loss products is needed (Lee et al. 2013; Kim et al. 2014). An LC–MS strat-
egy for the screening and quantification of sibutramine and its analogues in herbal 
supplements has been developed (Stahnke et al. 2012). LC–MS-based method for 
the identification of rimonabant polymorphs and sibutramine analogues in counter-
feit ‘Acomplia’ and its imitation products was reported by Venhuis et al. (2011). A 
method for detection and estimation of sibutramine and its analogues, phenolphtha-
lein, fenfluramine and orlistat in slimming herbal formulations with LC–MS instru-
mentation has been developed (Wang et al. 2008). An LC–MS/MS screening 
method was developed for studying the presence of synthetic adulterants and its 
quantitation in herbal remedies (Bogusz et al. 2006). This method also screened 
adulterants of different pharmacological effects including weight-reducing com-
pounds (Bogusz et al. 2006). An LC–linear ion trap–(QTRAP)–MS method was 
used to screen multiple adulterants agents including slimming agents (Chen et al. 
2009). A review on adulterants used in slimming phytotherapeutic products in 

Fig. 3.2 A representation of adulteration of herbal products with synthetic slimming agents
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 addition to their analytical approaches was published by De Carvalho et al. (2011). 
According to another report, the herbal supplements marketed and exported from 
China contained adulterants like fenfluramine, phenolphthalein, sibutramine and its 
metabolites and orlistat (Lai et al. 2007). A sensitive, specific and accurate LC–
ESI–MS method was developed for the simultaneous estimation of six adulterants 
in weight-loss products and supplements. They are, namely, fenfluramine, phenol-
phthalein, N-di-desmethyl sibutramine, N-mono-desmethyl sibutramine, sibutra-
mine and orlistat (Wang et al. 2008). In this study, six matrix sources were 
considered, and samples from dietary fibre, tea, protein, cereal, vitamin and Chinese 
herb extracts were included. Jung et al. (2006) presented an analytical method of 
liquid chromatography coupled with triple quadrupole and TOF mass spectrometry 
for sibutramine. Song et al. (2006) determined orlistat in health food for controlling 
body weight by LC–MS method. By this methodology, sibutramine, its two metabo-
lites and one analogue were successfully identified in an herbal product for weight 
loss. Khazan et al. (2014) identified and determined synthetic pharmaceuticals 
namely, sibutramine, phenolphthalein, phenytoin, bumetanide and rimonabant as 
adulterants in eight common herbal weight-loss products. Zeng et al. (2015) reported 
an LC–MS/MS method for simultaneous determination of 40 compounds including 
bisacodyl, sibutramine and its metabolites, etc. used for weight-loss effects.

3.6  Adulteration with PDE-5 Inhibitors and Its Analogues 
for Sexual Enhancement

The phosphodiesterase type 5 (PDE-5) inhibitor drugs are mainly used for the treat-
ment of erectile dysfunction (ED) in males (Venhuis and De Kaste 2012). Synthetic 
PDE-5 inhibitors such as avanafil, sildenafil citrate, mirodenafil, tadalafil, udenafil 
and vardenafil and their analogues are the most commonly used drugs in herbal 
products as adulterants (Alp et al. 2013; Campbell et al. 2013; Park and Lee 2012). 
There are certain restrictions on the prevalent use of PDE-5 inhibitors, as these 
drugs require prescriptions by physicians (Goker et al. 2012). These restrictions 
have led interested persons to seek out herbal products and supplements claiming to 
enhance sexual performance. It is clearly evident by the recent dramatic increase in 
the consumption of health products for the aphrodisiac effects (Lee et al. 2013).

In fact, more than 46 PDE-5 inhibitors and analogues have recently been detected 
and isolated as adulterants in herbal supplements and products (Alp et al. 2013; Kee 
et al. 2012; Lee et al. 2013). Because these products are illegally promoted as natu-
ral and effective therapy for the enhancement of male sexual performance, consum-
ers are seriously exposed to various health risks. It is known that PDE-5 inhibitors 
can drastically lower blood pressure when taken along with certain nitrate- containing 
drugs. It creates the possibility of a serious, life-threatening event for individuals 
who take these drugs. Increased cardiovascular risks like heart attack, stroke, chest 
pain, etc. are associated with the usage of these drugs in people with heart problems. 
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Other major side effects associated with PDE-5 inhibitors and its analogues are 
headache, facial flushing, indigestion, dizziness, abnormal vision and hearing loss 
(Campbell et al. 2013; Rocha et al. 2016). Therefore, research into the monitoring 
and quantification of such pharmaceutical agents present in these products is needed 
to uphold human safety (Wang et al. 2012). Most of the published studies used 
HPLC in conjunction with diode array detector (PDA or DAD) and chemilumines-
cence detector for the screening of PDE-5 inhibitors in diverse samples (Di et al. 
2011; Jalili et al. 2015). However,  these methods have several drawbacks, as not 
only acquisition times are longer than the MS but also it is difficult to identify a 
variety of synthetic PDE-5 inhibitors and their analogues accurately. An LC–ESI–
MS/MS method was reported for PDE-5 inhibitors and their analogues detection 
and was applied for qualitative confirmation and quantitative determination in 
herbal products. The use of LC–MS/MS detected adulteration of sildenafil, tadalafil 
and vardenafil in herbal products (Woo et al. 2013). Most of the synthetic PDE-5 
inhibitor analogues synthesized by structural modification require a comparison 
with their respective MS/MS spectra for unequivocal identification (Lee et al. 2013; 
Venhuis et al. 2011). Hou et al. (2006) by using HR–ESI–MS instrument, found a 
new acetildenafil analogue from product intended as a dietary supplement. An LC–
MS method was reported for the quantification of PDE-5 inhibitors adulterated in 
herbal food supplements (Radu et al. 2015). Kee et al. (2015) applied orbitrap mass 
spectrometry approach to differentiate isomeric sildenafil and thiosildenafil-like 
analogues used for the adulteration in herbal dietary supplements. A highly sensi-
tive, selective and robust one-shot analysis LC–DAD–QTOF method for simultane-
ous screening and confirmation of target and non-target PDE-5 inhibitor analogues 
within a single chromatographic run in counterfeit herbal products was developed 
by Bortolini et al. (2015). They used a database of 82 PDE-5 inhibitor analogues 
and implemented an automatic non-target analysis of the above compounds. A 
 representation of adulteration and its consequences in herbal products with PDE-5 
inhibitors and analogues is shown in Fig. 3.3.
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Fig. 3.3 Adulteration and its consequences of herbal products with PDE-5 inhibitors and 
analogues
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3.7  Regulatory Guidelines

WHO  has  developed  guidelines  for  the  quality  assurance  and  quality  control 
(QAQC) of herbal drugs which provide a description of the techniques and 
approaches needed for the cultivation and collection of medicinal plants. However, 
there is a gap between available knowledge and its implementation for various qual-
ity standards, because the majority of producers of herbal drugs are not aware of 
WHO’s guidelines and continue their work without any quality control measures 
and SOPs, which affects the quality of phytoproducts (WHO 1998, 2005).

Herbal dietary supplements can be labeled as having certain healthful and nutri-
tional properties but  cannot make  therapeutic  claims.  In 2015,  the US Food and 
Drug Administration (USFDA) issued new guidelines for botanical drug products 
industry. The agency recommended a combination of tests and controls to ensure 
the identity, purity, quality, strength, potency and consistency of botanical products 
(USFDA 2015). Multiple tests for drug substance and drug product (e.g. spectro-
scopic and/or chromatographic fingerprints, chemical assay of characteristic mark-
ers and biological assay), raw materials and process controls (e.g. strict quality 
controls for the botanical raw materials and adequate in-process controls) and pro-
cess validation (especially for the drug substance) are some of the tests and controls 
(Liu et al. 2015). The European Food Safety Authority (EFSA) works as an inde-
pendent source for the scientific advice to the European commission to adopt legis-
lation on the issues concerned with herbal supplements. Novel portable, fast 
screening spectrometric instruments such as ion mobility spectrometry (IMS) have 
been utilized to screen herbal products and supplements at a few FDA labs to pre-
vent adulterated products from coming into the hands of consumers. FDA inspec-
tors do it at ports of entry (Dunn et al. 2011; Song et al. 2014). In China, traditional 
Chinese medicine (TCM) includes Chinese materia medica (for Chinese herbs plus 
animal parts and minerals) and is regulated under the authority of the State 
Administration of Traditional Chinese Medicine (SATCM).

3.8  Conclusions

Herbal medicines and products play a significant role in the healthcare system of 
many developing countries and are rapidly gaining worldwide popularity among the 
consumers. From the reports, it is evident that the presence of undeclared synthetic 
drugs and its analogues in many herbal formulations is alarmingly increasing in the 
global market. The increasing reports of adulteration of botanical products and sup-
plements represent a major concern to both consumers and regulatory agencies 
worldwide.  However  with  recent  advancements  in  hyphenated  techniques  and 
sophisticated analytical instruments and methodology, detection of adulteration can 
be made selective, accurate and sensitive. There is an urgent need for technical sets 
of quality standards for development and production of herbal formulations with 
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necessary regulatory guidelines for commercialization. All countries must adopt 
multidisciplinary approaches to combat the threat of adulteration of herbal products 
to increase the confidence among consumers. The trend towards enhanced usage of 
LC–MS/MS based applications in synthetic adulterant screening and quantification 
in herbal products. The use of other analytical techniques along with most powerful 
LC–MS/MS instruments providing orthogonal information will likely be needed for 
unambiguous identification, elucidation and estimation of novel adulterants in 
herbal products. Therefore, the development and application of broad scope of all 
the screening analytical methodologies must be utilized to stop the menace of 
adulteration.
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