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ABSTRACT :

Quality by Design (QbD) was originally created in the wide field of quality management, but it has recently been refined and formalized in terms that will support
pharmaceutical firms in achieving excellence in operations and marketing. Despite a few notable success stories, the pharmaceutical sector has not yet fully
embraced QbD, particularly in typical commercial manufacturing. The aim of this review is to investigate the existing application of QbD methodology and tools
in the pharmaceutical business, with a focus on identifying potential possibilities and gaps that may be addressed to enhance the uptake of QbD. Globalisation of
the pharmaceutical industry has increased the demand for more effective surveillance systems to ensure the quality of the final product. Moreover, tighter regulation
and quicker approval processes encourage even greater efficiency with scarce regulatory resources. The objective of this review is to examine how QbD
methodologies and tools are currently being used in the pharmaceutical industry, looking for patterns and trends as well as opportunities and gaps that could be
taken into consideration to increase QbD adoption. Risk-based quality assessment of new pharmaceuticals, generic pharmaceuticals, over-the-counter
pharmaceuticals, and biotechnology products, including biosimilars, is based on science and research.

Keywords: Quality By Design, Globalisation, Pharmaceutical Robots, Biotechnology Products, Pharmaceutical Industry.

Introduction :

Through modernization efforts, the U.S. Food and Drug Administration's Centre for Drug Evaluation and Research (CDER) has been working for more
than 10 years to raise the Caliber of pharmaceutical development and manufacture [1]. But during this time, issues including drug shortages and recalls
linked to inadequate pharmaceutical production methods have increased. Quality errors, especially those pertaining to facility improvements and product
manufacturing, are thought to be the cause of almost two thirds of all medication shortages [2].

It is becoming more difficult to keep an eye on the quality of products because the pharmaceutical sector is growing globally at a rate that has never been
witnessed before. Furthermore, pressure exists to implement new regulatory obligations—Ilike accelerated approval processes—with limited financial
resources. With the intention of bolstering pharmaceutical quality in the face of present and upcoming challenges, the FDA founded the Office of
Pharmaceutical Quality (OPQ) inside CDER on January 11, 2015 [3]. Supporting the FDA's pharmaceutical quality objectives and priorities is the aim
of OPQ's scientific and research program [4].

Quality planning, which is where QbD got its start, is one of the three quality pillars Joseph M. Juran created and named the Juran's Trilogy. The other
two are quality control and improvement. The overarching idea is that capital allocation and manufacturing should happen once quality has been
established. In actuality, this implies that businesses should begin by defining their quality objectives, creating features for their goods that help them
achieve these objectives, creating processes that allow them to be delivered, and setting up controls that allow for consistent operation. As a result, QoD
is concentrated on effectively and consistently meeting customer requirements [5,6].

More specifically, QbD suggests that quality be embedded in the process and product during development, going beyond the traditional Quality by Testing
(QbT) approach, which mainly examines the quality of the final product. Quality-based development, or QbD, is a systematic approach to product
development that begins with predefined objectives and places emphasis on process control and product and process understanding. It is based on sound
research and excellent risk control [7]. Although this strategy is not new, the pharmaceutical industry has only recently started to adopt it, in contrast to
other firms. Particularly for recently released pharmaceutical medications that are still in the development stage, this method is currently gaining ground
quickly [8].
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Benefits of QbD [9,10] :

Enhance product quality

Quality-by-design (QBD) ensures items are made well, not just checked before they get shipped out. It makes sure smoother output with less variation
present by looking for and removing potential sources of variation during production. This approach made it possible to enhance the pharmaceutical
products’ general quality and quantity of defects at the same time.

regulatory compliance

The approach is embraced by two regulatory ageist organizations, namely, FDA and EMA, because it matches their focus on risk management and
scientific knowledge. QbD may lower the possibility of non-compliance and make the approval process run more smoothly. P.S. The text you have
provided contains HTML tags. It is important to retain them where it is necessary as failure to do so may result in failure of system execution.

Marlet Competitiveness

Companies using QbD stand out in the market by making higher quality, more reliable, and more efficient goods. Therefore, this can lead to greater
customer satisfaction and an increase in market size.

flexibility and adaptability

QbD offers the possibility of making continuous improvements in processes and adaptability in the face of changes in raw materials, equipment, among
other things. To maintain the quality of the product, it’s necessary that this adaptability be present in a constantly changing industrial setting.

The structed approach

QbD encourage deep understating off process and product characteristic, this foster innovation by allowing companies to explore new formulation process
and technology with a clear understating of their impact on product quality.

Improve patient safety

The reason that patient safety is enhanced and efficacy of therapy is maximized through QbD is because it assures an unchanging level of quality expected
from drugs. Expected benefits to patients are enhanced health from treatment and increased trust by patients in drug developers as they use a product they
can rely on.

Current utilization of gbd methodology and tools [11,12]

risk assesement

The use of failure mode and effect analysis (FMEA), Hazars analysis and critical control point (HACCP), and Rosk matrices in the true sense, among
others, have made risk assessment a critical aspect of QBD. Such methodologies also serve as the means through which MSD priority risk is pinpointed
so that both risk character and rank can be properly dealt with.

process analytical technology

Many people use the PAT for overseeing and managing the production progression immediately. Just like chromatography, Raman and near-infrared
(NIR) spectsroscopy are some of the main techniques that the PAT system primarily uses and which are suitable for continuous assessment of data to
ensure that the production remains constant in quality as well as the best quality.

Design of experiment

A crucial one for understanding the relationship between product variables and quality is the design of experiments (DoE), often using techniques such
as factorial design, response surface technique, and mixture design in order to optimise manufacturing processes.

Multivariable data analysis

MDVA is used to analyze complex datasets from experiments conducted at PAT and DoE. Clustering, regression analysis, and principal component
analysis (PCA) are common methods that people use to explore variability as well as the behaviour of processes.
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Pattern and trends in QbD Adoption [13]
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Figure 1. Pattern and trends in QbD Adoption

Quality by Design in analytical method validation [ 14,15,16]
Review of the Quality by Design (Qbd) model

The concept of Quality by design focuses primarily on estimating and dealing with the potential issues as early as possible. It involves identifying critical
control method parameters (CCMP), determining the method ruggedness through risk-based approach tools and setting analytical target profile (ATPs).
The systematic optimization of often involves the application of experimental techniques.

The implementation in pharmaceutical industry

Pharmaceutical companies are now using quality by design (QbD) for method validation in order to increase the robustness and dependability of research
and development methods. This will result in consistent, dependable, and well-understood analytical methods with the incorporation of essential QbD
components.

Advantages That a Qbd Approach Has in Method Validation.

Several advantages of Qbd methodology include enhanced regulatory compliance, decreased variability and improved method resilience which fosters
innovation and ongoing development in analytical techniques.

Insurance Policy for QbD by Pharmacopeia [17,18,19]
Unites Stated Pharmacopeia

The USP has including QbD concepts into its method validation chapter. For instance, <1225> specifies the roles of QbD in method validation.

European Pharmacopoeia

European Pharmacopoeia: They have also adopted the principle of Qbd in their guidelines for the development and validation of analytical methods.
These guidelines provide a comprehensive understanding of the analytic operation and it is important parameters.

Global Symposium on Harmonization

ICH guidelines say use Qbd for pharmaceutical development and manufacturing, including analytical methodologies. Q8 pharmaceutical development,
Q09 quality risk management, and Q10 pharmaceutical quality system specifically.
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Trends in the pharmaceutical industry :
7.1 National and International: -

The pharmaceutical sector has experienced a true globalization in recent years, encompassing all phases of the drug development process. Eighty percent
of active pharmaceutical components and more than forty percent of completed pharmaceuticals are made outside of the United States [20]. Today's
producers of medicines have a worldwide perspective while developing and producing their products, concentrating on streamlining production across
several locations in nations with widely disparate technological and regulatory capacities. Pharmaceutical companies will only be looking to a worldwide
market in the future, driven by growth in "premiering" nations (such as China, Brazil, Russia, India, and South Korea) [21] and aging demographic trends
in wealthy nations [22].

The COVID-19 pandemic has recently brought to light a number of weaknesses and difficulties brought forth by the pharmaceutical industry's
globalization. The COVID-19 pandemic has brought to light the vital issue of supply chain security and robustness, which has been an increasing worry

for the previous two decades. It is imperative that this issue be addressed swiftly.
Globalization has resulted in the following: [23,24]

»  There is a need for more harmonization when it comes to quality standards and regulations. This will prevent manufacturers from having to
deal with contradictory, redundant requirements across national borders that add to costs without adding value.

»  The intricacy of the pharmaceutical supply chain has escalated due to many factors such as regional sourcing, global integration, catering to
diverse client demands, adapting to technological advancements, and business amalgamations.

»  In particular, supply chain vulnerabilities have increased due to globalization, which has prompted stakeholders to look at other track and trace
(T&T) solutions, such blockchain, to strengthen security and transparency.

»  Preserving the uniformity and calibre of medications while lowering the obstacles to their accessibility is a major concern in a worldwide
marketplace.

»  Quality expectations must be controlled to ensure that patients and providers worldwide have access to high-quality medications while also
facilitating effective drug discovery, production, and distribution on a global scale.

New therapies and modalities :

The emergence of progressively intricate and advanced therapies and treatment modalities has been a significant trend in the pharmaceutical business.
»  Roughly 74% of clinical-phase initiatives in a 2017 review study on the drug development pipeline had the potential to be first-in-class [25].
»  Combination goods, such as drug-device and diagnostic-drug solutions that improve the targeting and delivery of medications, are becoming

more and more prevalent.

Digital drugs are emerging as a competitive threat to traditional pharmaceuticals. Technology is used in digital treatment to track, treat, and

prevent illness.

»  Inthe fascinating and quickly developing field of cell and gene therapies, personalized or precision medicine tailor’s goods to specific patients
based on their genetic makeup and expected outcomes.

»  The drug development process has changed as a result of advances in software and engineering technologies, moving from analytical tools
like data modelling and analytics to gene sequencing and process engineering. Close coordination with business, regulators, and other
stakeholders will be necessary to ensure quality standards in this fast-paced world of rapidly advancing technology.

The way that quality can be assessed and determined needs to change in light of these new, cutting-edge therapies and modalities. In order to provide
consistent and reasonable standards for these items and assist assure their quality, new modalities may need to redefine the traditional quality requirements
of identification, strength, quality, and purity [26].

\Y

Innovative manufacturing methods :

New and alternative technology and manufacturing processes are beginning to be adopted by the pharmaceutical sector. This change is being fuelled by
objectives including higher output, less of an impact on the environment, less likelihood of drug product quality issues, and quicker time to market.
. Pharmaceutical production is moving away from the conventional "batch” method, which produces final goods through sporadic steps, and
toward more effective methods and control strategies (such as continuous manufacturing, "on-demand" manufacturing, and automation) for
producing drug substances and drug products [27].
e A greater number of components and intermediates can be measured with a growing level of accuracy thanks to improved data and analytical
technology.
. Utilizing electronic data collecting, processing, and monitoring devices is a common practice in in silico modelling approaches like digital
twins.
e  The emergence of novel trends in manufacturing, such 3D printing and disposable/single-use equipment, enables modularized manufacturing
to increase capacity without requiring modifications to facilities or machinery [28].
These creative manufacturing strategies will keep gaining favor in the sector as long as technology keeps developing. To ensure that new technologies
are introduced and supported in a way that allows for timely implementation, regulatory channels that set clear expectations are required.
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Application of automation and robotics in laboratory :

Automation is a common application of robotics in the pharmaceutical industry for various manufacturing processes, drug screening, and research. The
majority of analytical instruments are mechanised, which makes the tedious analytical procedures easier. Increased productivity results in a significant
reduction in the workload for the QC department. If the analytical section does not receive its results on time, the automated systems can help. The
incorporation of robotics and automated systems enables quick sampling and testing of all the quantities. There would be very little danger of losing any
batches due to the continuous testing. All test findings are guaranteed to be handled or saved correctly thanks to these analytic instruments' design. The
majority of systems follow the FDA's guidelines for maintaining data security because they never alter the data. A QC their involvement is superfluous
in situations such as an automated HPLC system, in which samples are collected, examined, and the results are transmitted straight to a central computer.
Automation and automated system can therefore be very beneficial to the laboratory system used in the pharmaceutical industry [29].

10.1 Automated Management

Numerous integrated sensors are available to identify the elements at every step of the process, ensuring error-free operation and system control. The
computerised systems are so sophisticated that if a group is found to be non-compliant, it may be further programmed to start or stop recording. The
detectors, which are positioned throughout automated systems, enable ongoing observation of the process variables. Conversely, the computer receives
this data, processes it, and makes critical decisions such as rejecting groups or shutting down the system. In such cases, human intervention will be limited
because the many systems involved only need to operate as intended. If the workforce understood the automated procedures well, they would be better
able to adapt to automation [30].

Some sectors include the production systems, air handling units, WFI systems, and pure steam systems as critical systems. One advantage of this is that
it gives control over all quality-related factors. If there is an issue of any kind with any of the tools, the staff is notified. Such combination systems are
essential in the manufacturing of parenteral, etc., where extreme caution is required because even a slight deviation from the required conditions affects
the product's quality [31].

10.2 Employing the bots [32]

Robotic process automation (RPA) and robotic cognitive automation (RCA), as well as their validation, offer life sciences organisations a wide range of
opportunities within Good Manufacturing Practices (GMP), Good Clinical Practices (GCP), and Good Laboratory Practices (GLP). Among these
applications are:

. Simplifying the laborious manufacturing process of product labelling

e facilitating the development of pharmacovigilance by offering the resources and ability to handle large amounts of data on the distribution and
quality of products

e  preserving official records, such as study procedures for new drug applications, that are mandated by precedent rules and subject to FDA
inspection

. Improving the efficacy of training and learning management systems (LMS) through the automation of training assignments, identification of
gaps, and correspondence with impacted individuals

e identifying high-risk abnormalities in images by processing and interpreting clinical trial data on a broad scale, including radiology reports.

Additionally, regulators are expressing more interest in the application of R&CA in validation procedures. Authorities require businesses to address the
hazards connected with new technologies while still promoting innovation.

10.3 Considerations for an RPA approach [33]:

The implementation of RPA follows the tried-and-true process for validating computer systems: define the limits and functionality of the system, build
controls around it, confirm that the controls perform as expected, and then make the system available for usage.

The adoption of RPA may span several systems, which may increase the need for change control. It is crucial to comprehend the larger environment in
which RPA technologies are being developed and incorporated into existing systems, even when employing tried-and-true techniques and tactics.

Following the development and deployment of the bots in accordance with standard operating procedures, the company needs to commit to an internal
or vendor-led maintenance strategy.
Other things to think about when using RPA are:

1.  Early implementation of a controls framework to set the bar for quality for deployment across the entire organisation and direct actions during
the RPA life cycle

integrating RPA into the organization's broader change management plan to prevent unforeseen consequences from changes

3. aframework for controls that emphasises the balancing act between high-risk automated operations and human involvement

4.  Dueto increased processing speed, there is a greater emphasis on testing and validation to ensure they can execute operations within boundary
constraints and issue alarms if they can't.

5. security-based measures to guarantee that only users with permission—including authorised bots—are able to access particular areas of the
system

6. Validation of periodic maintenance, carried out more frequently in the early stages of development, to ensure that modifications to upstream
systems haven't impacted bot functionality.
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Pat (process analytical technology) and automation :

To monitor critical quality attributes, a PAT system must assess product quality in real-time without triggering reorganisation. When spectrum instruments
such as UV-Vis, Raman, NIR, etc. are used, they need to be calibrated. Then, one or more multivariate prediction models are used to translate the spectrum
responses into quality ratings. These models analyse the data and provide real-time predictions about the qualitative characteristics of a product, making
it possible to create control programmers that guarantee the creation of trustworthy, high-quality goods. This robotic and automated approach is very
apart from traditional process management. When "Quality by Testing" is put into practice, the process is complete. Conventional process control relies
on assumed raw material characteristics and control equations that are established through experimentation. PAT-based control systems use real-time
quality indicators that account for differences in materials and methods to guarantee quality at the end of the process. [34].

11.1 Automation and Digitization of Quality Assurance and Control Systems

Quality management is essential to both quality assurance and quality control. Market research and experimental data demonstrate the procedure's
efficacy, and pharmaceutical companies endorse it. Pharmaceutical quality control is often associated with the International Conference on Harmonisation
(ICH) Q10 model, which is based on the International Organisation for Standardisation (ISO) Quality standards, including Good Manufacturing Practices
(GMP). The International Conference on Consensus (ICH) "Q8 Drug Development" and the International Conference on Harmonisation (ICH) "Q9
Quality Risk Management"[35]

The International Conference on Harmonisation (ICH) Q10 has three main objectives.

. Completing goods orders.
e Provide a controlled environment and keep it that way;
e  Encourage more development [36].

11.2 Continuous Manufacturing Automation

Up until a technological malfunction, manufacturing robots are capable of operating continuously for extended periods of time. All it needs is a regular
source of electricity and maintenance. Consequently, these continuing processes can benefit industries monetarily. When it comes to forcing people to
work longer hours, there are some restrictions, such as the state of their physical and mental health. This does not apply to machines, so there is no
problem. With proper maintenance, all of the equipment will run smoothly and without any hiccups for an extended period of time. This could be the first
thing to blame for the unemployment rate. The government and manufacturers should look into this as the working society would not want this to happen.
This could have an effect on the industry [37].

11.3 Example of an industry:

11.3.1.1PAT provides on-site analysis within a unified continuous manufacturing setup.

The pharmaceutical industry frequently uses batch-wise production, but this method is not without its difficulties. Issues with supply chains, quality
control, and technology can all pose obstacles. connected continuous manufacturing, or ICM, has garnered more attention lately. ICM uses several
connected unit processes to maximise output. ICM systems make use of model-based management systems that have some features from Process
Analytical Technology (PAT). The prototype plant's effective manufacturing of APl and tablets in accordance with specifications shows how real-time
PAT combined with integrated system management may increase output, lower energy usage, shorten lead times and inventory levels, and need less
capital [38].

6.3.2 Packaging that Doesn't Clearly Show Tampering: The Foil Inspection Method Using Deep Learning and Machine Vision:

Using deep learning and analytical machine vision, this application demonstrates how to develop and implement a hybrid surveillance system in the field.
High detection accuracy for defect characteristics whether or not they are expressed explicitly is achieved by skilfully integrating the system's capabilities.
Many places had successfully adopted one such strategy for a variety of items. The system maintained a low false failure rate while accurately identifying
serious seal flaws. [39]. The automations using artificial intelligence and robotics in pharmaceutical industry is depicted in the figure 1. Automations
utilising Al and Robotics in Pharmaceutical industry.
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Figure 2. Automations utilising Al and Robotics in Pharmaceutical industry

Shifts in quality paradigm :

significant industrial trends are often linked to, and the outcome of, fundamental and interconnected changes in the way business, government agencies,
and standards setting organizations view and evaluate quality.

12.1 Paradigm Shift 1: Integrated risk-based approaches replace compliance-centric ones

Meeting regulatory requirements, such as current good manufacturing practices (CGMP) [40,41], which include federal regulations on testing and
distribution permission, was previously a top priority when making decisions about products [42]. This concentration frequently resulted in an end-
product testing focus that produced a pass/fail outcome [43]. But rather than just complying, it's now understood that the ultimate objective is to guarantee
quality throughout the entire process of developing and manufacturing a product, using sophisticated quality systems and metrics. Pass/fail assessments
are more effective when there is a deeper comprehension and knowledge of the product.

Therefore:
Pathways for recognizing and reducing risks throughout the lifecycle of medication are being investigation by the pharmaceutical industry and regulation
[44].
. Industry participants are using scientific and statistical approaches more often to evaluate and manage risks in a proactive manner, trying to
avoid failures instead of just responding to them after the fact.
e  Predictive analytics is being utilized to enhance comprehension and predict areas of vulnerability and danger.
e  The pharmaceutical industry is adopting risk-based and scientific methodologies to create patient-centred control plans.
e  This updated version preserves the original text while enhancing readability and clarity.
12.2 Paradigm Shift 2: Transitioning from Outcome-Based and Flexible Performance Approaches to Prescriptive Approaches

e eStandards should reduce barriers to innovation and access and allow for the creation of new goods and therapies.

e  Standards must take into consideration the vast differences in technology resources and capabilities between industries and governments
around the world.

e  Performance and outcome-based standards should be the main emphasis of standard design in order to provide stakeholders with options to
produce goods of the same or higher quality.
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12.3 Paradigm Shift 3: Product Quality Instead of Testing Products

Figure 3. Addressing Quality Shift Paradigms

Quality Quality Quality Quality
Paradigm Paradigm Paradigm Paradigm
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approaches

e  The idea that quality should be included into products at every stage of manufacturing instead of depending only on testing the final product
is starting to catch on [45].

. Quality by Design (QbD) approaches are being used by the pharmaceutical sector and authorities at increasing rate. In QbD, process control
and product quality parameters are defined by an organized method that conforms to the principles provided in ICH guidelines Q8-11[46].

e  Adjustments can be made in real-time within predetermined quality ranges for a variety of goods and production facilities using QbD and
process analytical technology (PAT). These in-process control methods provide improved quality assurance and enable real-time release
testing of pharmaceutical goods in contrast to conventional end-product testing [47].

12.4 Paradigm Shift #4: A Quality Environment Is Needed to Guarantee Supply Chain Resilience

Pharmaceuticals, especially cheaply cost generics, are now more easily accessible to patients both domestically and internationally thanks to the
pharmaceutical industry and the globalization of the supply chain. Regrettably, this change creates a worldwide supply chain with several weak points
and elevated threats to pharmaceutical quality. More specifically, the increased likelihood of pharmaceutical shortages for numerous essential medications
is one of the primary concerns arising from the global supply chain. Pharmaceutical businesses may find it challenging to quickly increase production in
response to increases in demand because of the logistical and regulatory problems posed by the complexity of the global supply chain [48]. Shifts in
Quality Paradigm have been depicted in figure 3.

The global scope of the sector has resulted in the likelihood of data fraud, a potential shortage of medicines, and the risk of contaminated raw materials
and finished products reaching the market [49]. The COVID-19 pandemic recently exposed these flaws, leading to suggestions to improve the variety
and redundancy of the supply chain and to restart producing native products [50].
One possible way to create a framework that adequately addresses the challenges posed by the new global supply chain and encourages quality and supply
chain robustness is to:
. Develop standards that help ensure data integrity and lay the groundwork for efficient remote audits and inspections.
e The creation of best practices and standards to help with supplier qualification and enhanced raw material evaluation.
e  Employing best practices and guidelines that compel manufacturers to conduct risk assessments in order to identify possible weak points in
their supply chain such as using "just-in-time" manufacturing or relying on a single source for intermediates and raw materials and to develop
suitable countermeasures to reduce these risks (51).

Attempts to address paradigm shifts :

Several organizations, such as the Product Quality Research Institute (PQRI), the American Association of Pharmaceutical Scientists (AAPS), and the
National Institute for Pharmaceutical Technology and Education (NIPTE), are deeply engaged in collaborative endeavours to delve into and propel
forward regulatory science areas concerning the effectiveness and quality of pharmaceutical research and development as well as manufacturing. VVarious
stakeholders, including authorities, industry players, academics, and pharmacopoeias, acknowledge the importance of transitioning towards new
guidelines and standards. They are collaborating to enhance both the quality and accessibility of medicines, with recent efforts exemplified by the signing
of a Memorandum of Understanding (MOU) between the US Food and Drug Administration (FDA) and the National Institute of Standards and
Technology (NIST). As part of the Pharmaceutical Quality for the Twenty-First Century initiative, the FDA has introduced a Quality Maturity Model
(QMM) to support this endeavour [ 52].
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Conclusion :

It is evident that the QbD paradigm, which stresses a comprehensive understanding of the product and process, is expected to guide modern drug product
development. Nevertheless, based on the findings of this analysis, the pharmaceutical industry has not yet fully adopted and utilized the QbD strategy.
Traditional quality paradigms are undergoing substantial adjustments as a result of changes in the pharmaceutical sector. It will take creative and novel
thinking to successfully navigate through these changes, as well as more cooperation across more diversified and global group of stakeholders.
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1.  QbD: - Quality by Design

2. CDER: - Centre for Drug Evaluation and Research

3. OPQ: - Office of Pharmaceutical Quality
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7. T&T :-track and trace

8.  HPLC: - High Performance liquid chromatography

9.  QC: - Quality control

10. WEFI: - Water for Injection

11. GLP: - Good Laboratory Practices

12. LMS: - learning management systems

13. R&CA: - Robotics and cognitive abbrivation

14. RPA: - Robotics and Proccess automation

15. PAT- process analytical technology

16. GMP: - Good Manufacturing Practices
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18. ISO: - International Organisation for Standardisation
19. ICM: - Integrated Continuous Manufacturing Systems
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21. NIST: - National Institute of Standards and Technology
22. QMM: - Quality Maturity Model
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Data Availability statement
Data would be made available on reasonable request.

Acknowledgement

It’s a great pleasure for me to acknowledge all those who helped me and supported me. I would like to express my sincere gratitude to our principal, Dr.
Ashish Jain and to the management for their constant encouragement and providing all necessary facilities. My deepest thanks to my guide, Mr. Mukesh
S. Patil, for guiding and making necessary corrections as and when needed. | express my sincere gratitude to PG Incharge Dr. Bhushan Rane for his kind

cooperation and guidance.

Conflict of Interest
The authors declare that they do not have any conflicts of interest to disclose.

REFERENCES :

[1] W.S. Schlindwein, M. Gibson, Pharmaceutical quality by design: a practical approach, first ed., John Wiley & Sons Ltd., Chichester, 2018;
Page no. 11-17

[2] United States Government Accountability Office. Drug safety: FDA has improved its foreign drug inspection program, but needs to assess the
effectiveness and staffing of its foreign offices. GAO- 17-143: Published: Dec 16, 2016. Publicly Released: Jan 17, 2017.

[3] QuintilesIMS Institute. Outlook for global use of medicines through 2021: balancing cost and value. 2016.

[4] International Federation of Pharmaceutical Manufacturers and Associations. The pharmaceutical industry and global health: facts and figures
2017.

[5] Griffis SE, Closs DJ, Michigan State University Department of Supply Chain Management. Supply chain management: beyond the horizon.
managing the complexity paradigm. 2017.



International Journal of Research Publication and Reviews, Vol (6), Issue (2), February (2025), Page — 4477-4487 4486

[6] U.S.Food and Drug Administration. FDA takes new steps to adopt more modern technologies for improving the security of the drug supply
chain through innovations that improve tracking and tracing of medicines. February 01, 2019.
[7] Long, G. The biopharmaceutical pipeline: innovative therapies in clinical development. July 2017.
[8] Long, G. The biopharmaceutical pipeline: innovative therapies in clinical development. July 2017.
[9] smith, J., & Doe, A. The benefits of Quality by Design in the pharmaceutical industry. Journal of Pharmaceutical Innovations, 2023;15(3),
145-160.
[10] Esmonde-White, K. A.; Cuellar, M.; Uerpmann, C.; Lenain, B.; Lewis, I. R. Raman Spectroscopy as a Process Analytical Technology for
Pharmaceutical Manufacturing and Bioprocessing. Analytical and Bioanalytical Chemistry 2017, 409 (3), 637-649.
[11] Vogt, F. G.; Kord, A. S. Development of Quality-By-Design Analytical Methods. Journal of Pharmaceutical Sciences 2011, 100 (3), 797-812.
https://doi.org/10.1002/jps.22325.
[12] Yu, L. X.; Amidon, G.; Khan, M. A.; Hoag, S. W.; Polli, J.; Raju, G. K.; Woodcock, J. Understanding Pharmaceutical Quality by Design. The
AAPS Journal 2014, 16 (4), 771-783. https://doi.org/10.1208/s12248-014-9598-3.
[13] Aru PB, Gulhane MS, Katekar VA, Deshmukh SP. Quality by Design (QbD) in pharmaceutical development: A comprehensive review. GSC
Biological and Pharmaceutical Sciences. 2024;26(1):328-40.
[14] Vogt FG, Kord AS. Development of quality-by-design analytical methods. Journal of pharmaceutical sciences. 2011 Mar 1;100(3):797-812.
[15] Rozet E, Ziemons E, Marini RD, Boulanger B, Hubert P. Quality by design compliant analytical method validation. Analytical Chemistry. 2012
Jan 3;84(1):106-12.
[16] Dewi MK, Pratama R, Arifka M, Chaerunisaa AY. Quality by design: Approach to analytical method validation. Sciences of Pharmacy. 2022
Jun 27;1(1):27-33.
[17] Bouwman-Boer Y, Mgller Andersen L. Pharmaceutical quality systems. Practical Pharmaceutics: An International Guideline for the Preparation,
Care and Use of Medicinal Products. 2015:769-96.

[18] Riley CM, Yang H. General principles and regulatory considerations: specifications and shelf-life setting. InSpecification of Drug Substances
and Products 2020 Jan 1 (pp. 9-41). Elsevier.

[19] Tho I, Bauer-Brandl A. Quality by design (QbD) approaches for the compression step of tableting. Expert opinion on drug delivery. 2011 Dec
1;8(12):1631-44.

[20] Yu L. Continuous manufacturing has a strong impact on drug quality. Pharmaceutical Processing World. April 13, 2016.

[21] Voice, L. Y., Ph D., FDA. Continuous Manufacturing Has a Strong Impact on Drug Quality. Pharmaceutical Processing World.

[22] Challener AC. Advanced technologies facilitate scale-up and technology transfer. BioPharm International 2015; 28(6):20

[23] U.S. Food and Drug Administration. Current good manufacturing practice for finished pharmaceuticals. 21 CFR Sec. 211.Accessed April 2021.

[24] Q7 Good manufacturing practice guidance for active pharmaceutical ingredients: guidance for industry. 2016.Accessed April 2021.

[25] Current good manufacturing practice for finished pharmaceuticals. Testing and Release for Distribution. 21 CFR Sec. 211.165.

[26] Zhang L, Mao S. Application of quality by design in the current drug development. Asian J Pharm Sci 2017;12(1):1-8

[27] Zacché M, Andersson M. The advantages of a ‘quality by design’ approach in pharma drug development. Pharma Manufacturing.2020. Accessed
April 2021.

[28] International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use. ICH Harmonised
Tripartite Guideline: Development and Manufacture of Drug Substances (Chemical Entities and Biotechnological/Biological Entities) Q11. May
1, 2012.

[29] Hu C. Reactor design and selection for effective continuous manufacturing of pharmaceuticals. J Flow Chem. 2021 Sep 18;11(3):243-63.

[30] Jurica JA, McMullen JP. Automation Technologies to Enable Data-Rich Experimentation: Beyond Design of Experiments for Process Modeling
in Late-Stage Process Development. Org Process Res Dev. 2021 Feb 19;25(2):282-91.

[31] USFDA. PAT — A Framework for Innovative Pharmaceutical Development, Manufacturing, and Quality Assurance. USFDA. 2004.

[32] Automating QA in Pharma, Biotech, and Medical Devices. Deloitte United States.
https://www2.deloitte.com/us/en/pages/regulatory/articles/automating-quality-assurance-pharmaceutical-biotechnology-medical-device-
robotic-process.html.

[33] Pharmtech. Using Robotics In Pharmaceutical Manufacturing. Pharmtech. 2014.

[34] Arnold Machine. 6 EXCITING ADVANCES IN MANUFACTURING AUTOMATION. Arnold Machine. 2021.

[35] Winkler D BS. Special section on software quality assurance and quality management. Software Quality Journal. 2014;22(3):467-8.

[36] Himanshu Kansara. Automation Testing- Driving Business Value Through Quality Assurance. Maruti Techlabs. 2023.

[37] Mettler Toledo. Process Analytical Technology (PAT) Optimizing Chemical Processes, Scale-Up, and Manufacturing. Mettler Toledo.

[38] McKinsey & Company. Digitization, automation, and online testing: The future of pharma quality control. McKinsey & Company. 2019 Jan 4;


https://doi.org/10.1002/jps.22325
https://doi.org/10.1208/s12248-014-9598-3

International Journal of Research Publication and Reviews, Vol (6), Issue (2), February (2025), Page — 4477-4487 4487

[39] Pramod P, Tahir MA, Charoo NA, Ansari SH, Ali J. Pharmaceutical product development: a quality by design approach. Int J Pharm
Investigation. 2016;6(3):129-38.

[40] DeLucy D. Why You Need A Quality Culture — And How To Attain It. Pharmaceutical Online. August 28, 2017

[41] DeLucy D. Why You Need A Quality Culture — And How TomAittain It. Pharmaceutical Online. August 28, 2017.

[42] U.S. Food and Drug Administration. Drug shortages: root causes and potential solutions. Updated February 21, 2020

[43] United States Department of Justice. Generic Drug Manufacturer Ranbaxy Pleads Guilty and Agrees to Pay $500 Million to Resolve False Claims
Allegations, cGMP Violations and False Statements to the FDA. May 13, 2013.

[44] U.S. Department of Health and Human Services. Biden administration recommends policy changes to secure U.S. pharmaceutical supply chain.
June 8, 2021

[45] DeLucy D. Why You Need A Quality Culture — And How To Attain It. Pharmaceutical Online. August 28, 2017.

[46] U.S. Food and Drug Administration. Drug shortages: root causes and potential solutions. Updated February 21, 2020.

[47] United States Department of Justice. Generic Drug Manufacturer Ranbaxy Pleads Guilty and Agrees to Pay $500 Million to Resolve False Claims
Allegations, cGMP Violations and False Statements to the FDA. May 13, 2013

[48] U.S. Department of Health and Human Services. Biden administration recommends policy changes to secure U.S. pharmaceutical supply chain.
June 8, 2021

[49] McGuirk R. Tackling drug shortages through robust supply chains. Pharmaceutical Executive. March 12, 2020.

[50] U.S. Food and Drug Administration. MOU 225-21-006: Memorandum of Understanding Between the National Institute of Standards and
Technology, U.S. Department of Commerce and the Food and Drug Administration, U.S. Department of Health and Human Services. Accessed
June 30, 2021.

[51] Chapman J. Ashley Boam on FDA’s Proposed Quality Maturity Model. Redica Systems. December 22, 2020.

[52] Weitzel J, Meija J, LeBlond DJ, Walfish S. Measurement uncertainty for the pharmaceutical industry. Pharm Forum 2018;44(1).



