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ABSTRACT: Background: Within pharmaceutical
industry, QA involves a broad range of organized
measures designed to maintain the quality, safety,
and effectiveness of medicinal products throughout
their development and production processes. As the
industry continues to advance through new
technologies, updated regulatory frameworks, and
increasingly interconnected manufacturing systems,
evaluating the current role and future progress of
QA has become highly important for both
pharmaceutical  professionals and regulatory
agencies. Objective: The purpose of this review is
to critically evaluate advanced technologies and
approaches that have the potential to shape the
future of quality management in drug development
and production, and to systematically assess the
state of pharmaceutical QA systems today. In
conclusion, pharmaceutical quality assurance is
transitioning from reactive habits to proactive,
data-enabled strategies. Navigating this change
successfully will depend on three main pillars:
harmonizing global regulations, investing in digital
tools, and reimagining how the people operating
this system are trained. The future of QA lies in
this blend of advanced technology and refined
human experience.
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l. INTRODUCTION

1.1 Definition and Scope of Quality Assurance

In pharmaceutical sciences, quality
assurance can be described as a holistic science
where all efforts have been put together to ensure
that pharmaceuticals are always delivered at the
highest level of identity, strength, purity, and
efficacy across their entire life cycle ranging from
the time of their development, production,
distribution, storage, and finally use by patients.
According to WHO, quality assurance refers to the
totality of activities which have been put in place to

guarantee that pharmaceutical products meet the
necessary standards of quality.[1]The scope of
pharmaceutical  assurance is  broad and
multifaceted. It involves compliance  with
regulations both locally and internationally,
document control, employee training and
qualifications, equipment and facility
qualifications, process and method validation,
change control, supplier qualification, and post-
market surveillance. Contrary to Quality Control
(QC), which mainly involves testing and release,
Quality Assurance (QA) entails the overall
management approach that sets the foundation for
conducting quality control activities.[2]In its most
general form, pharmaceutical quality assurance acts
as the unseen promise made by each drug that finds
its way into the hands of patients. It is the unseen
structure that turns crude material and human labor
into medicinal drugs that can be relied upon to
fulfil their desired purpose without posing any
threat to the recipient. The paper analyses the
structure's evolution, present time status, future
trajectory amidst an era of quick technological
change. [3]

1.2 Historical Importance of QA in
Pharmaceutical Manufacturing
Pharmaceutical QA has seen its

development shaped significantly through the
experiences of history and those lessons learned
from the devastating effects of poor-quality
standards. The pharmaceutical industries were
largely unregulated before the dawn of the 20th
century, and substandard medicines often reached
consumers without penalty. [4]The case of elixir
sulphanilamide in the year 1937 in the US, in
which 107 deaths occurred due to the drug
containing diethylene glycol as a solvent, resulted
in the formation of FDCA in the year 1938. [5,6]In
the case of India, it was the formation of the Drug
and Cosmetic Act of 1940 together with its
amendments, along with the introduction of
Schedule M, wherein the application of cGMP is
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obligatory. The CDSCO, being the national
regulatory agency, is responsible for approval of
drugs and manufacturing controls. [7]These events
collectively prove that pharmaceutical quality
assurance is more than just an administrative task,
but rather an absolute ethical and scientific
responsibility. Every regulation, guideline, and
quality management system that currently exists
was born out of tragedy and scientific knowledge
gained through adversity, representing the
industry's dedication to ensuring the safety of
patients. [8]

1.3 Evolution of QA Paradigms

The history of the evolution of QA in the
pharmaceutical industry can be viewed as a series
of successive paradigms, each one offering a more
advanced level of knowledge on quality control. [9]

Quality by Inspection (Qbl) represents the
earliest QA paradigm that prevailed in the industry
up to the mid-20th century. Under this paradigm,
the quality of the product was ensured by
conducting tests on the finished product batches
and rejecting those that did not meet the required
standards. Although this practice ensured a
minimal degree of safety, it was highly wasteful
and economically unfeasible. [10]

Quality by Control (QbC) is the second
paradigm and arose from industries' realisation that
the use of systematic controls of the manufacturing
process would minimise the frequency of failures.
Tools such as statistical process control were
employed in the manufacturing sector during
World War Il and later extended to the
pharmaceutical industry, enabling the monitoring
of processes and detecting any deviations before
producing out-of-specification products.
[11]Quality by Design (QbD) is the third paradigm
and is the most advanced modern-day concept that
was officially adopted in the pharmaceutical
industry through ICH Q8 guideline in 2009. QbD
has revolutionised the notion of quality by
integrating it into the design of a product using a
comprehensive scientific knowledge of how
formulation and processing variables impact the
product's characteristics. [12]Digital QA represents
the current frontier, wherein digital technology
such as artificial intelligence, machine learning,
and digital twin are incorporated in the QA
approach, thereby making possible real-time

monitoring, predictive quality management, and
greater insights into processes. It is still an ongoing
process that promises to significantly impact
quality in the pharma industry in the coming years.
[13, 64]

1. CURRENT STATUS OF QUALITY
ASSURANCE

2.1 Current Good Manufacturing Practice
(cGMP)

cGMP, which stands for Current Good
Manufacturing Practice, is considered to be the
lowest quality benchmark that the manufacturer of
drugs must meet when making drugs intended to be
used either for human or animal treatment
purposes. The term ‘current' in cGMP is crucial —
it means that the manufacturing facility should
implement new techniques, methods, and
technologies whenever it is necessary and
acceptable from the regulatory authorities'
perspective. [14]The U.S. version of cGMP
requirements is included in 21 CFR Part 210 and
21 CFR Part 211 for finished pharmaceutical
products, 21 CFR Part 212 for drugs produced
using positron emission tomography, and 21 CFR
Parts 600-680 for biologics. In Europe, cGMP
requirements can be found in EudraLex Volume 4
Good Manufacturing Practice Guidelines. The
WHO offers GMP recommendations that are
applied in pharmaceutical regulation in many
developing nations such as India's Schedule M. [15,
8]cGMP standards cover a number of important
aspects:  designing and  constructing  the
manufacturing facility; qualifying and maintaining
equipment; validating manufacturing processes and
cleaning methods; developing standard operating
procedures; training of personnel; detailed
documentation and record keeping; specific quality
control testing; handling of complaints and recalls;
and clear definitions of responsibility of all
personnel. [16]Adherence to cGMP requirements is
checked during regulatory inspections performed
by agencies like FDA, EMA, MHRA, TGA, and
State Licensing Authority (SLA) and CDSCO in
India. Failure to comply with cGMP standards may
lead to receiving Warning Letters and Import
Alerts, initiation of recalls, suspension of
manufacturing  operations, and even legal
prosecution in extreme cases. [17]

DOI: 10.35629/4494-110315681581 Impact Factor value 7.429 | ISO 9001: 2008 Certified Journal Page 1569



International Journal of Pharmaceutical Research and Applications
VVolume 11, Issue 3 May - June 2026, pp: 1568-1581 www.ijprajournal.com

&N

1JPRA Journal
Table 1: Comparison of Major Global GMP Frameworks

Regulatory Body | Regulation/Guideline Jurisdiction Key Feature

US FDA 21 CFR Parts 210-211 USA Risk-based inspections, PAT

EMA/EU EudraLex Vol. 4 European Union Annex-based system, GDP
integration

WHO TRS 986 / TRS 1044 Global  (developing | Basis for PICS, Indian

nations) Schedule M

CDSCO / India Schedule M (D&C Act) India Aligned progressively with
WHO GMP

PMDA / Japan GMP Ordinance Japan ICH Q10 adopted; risk-based
approach

Sources: References [7, 8, 14, 15, 51]

2.2 ICH Guidelines and Their Implementation

The International Council for
Harmonization of Technical Requirements for
Pharmaceuticals for Human Use (ICH) is one
institution that has had the most vital impact on the
harmonization of pharmaceutical QA standards.
Through the ICH assembly, industry members and
regulatory authorities from the US, Europe, Japan,
and other locations collaborate to develop the
organization's guidelines. [18]Those ICH Quality
guidelines related to QA practice are: Q7 (Guide to
Good Manufacturing Practice for  Active
Pharmaceutical Ingredients); Q8 (Pharmaceutical
Development including QbD philosophy); Q9
(Quality Risk Management); Q10 (Pharmaceutical
Quality System); and Q12 (Technical and
Regulatory Aspects of Pharmaceutical Product
Lifecycle  Management).  [19]Quality  Risk
Management (QRM) ICH Q9 is especially
significant in today's QA practices. By
incorporating quality risk assessment tools like
Failure Modes and Effects Analysis (FMEA), Fault
Tree Analysis (FTA), and Hazard Analysis and
Critical Control Points (HACCP), it ensures that
quality assurance efforts are proportional to the risk
associated with various operations and substances.
[20]ICH Q10 — Pharmaceutical Quality System —
is a guideline that provides an approach which
encourages new development and continuous
productivity, strengthens the link between product
development and production, and better manages
data. The guideline acknowledges that a solid
quality system establishes a framework within
which issues are proactively solved, human errors
are prevented, and there is a culture of continuous
improvement. [21]

2.3 Standard Operating Procedures and
Validation Documentation

SOPs form the core of any good
pharmaceutical quality assurance program. An SOP
is a written procedure outlining how particular
procedures or operations should be carried out in a
certain way. The following are the main roles of an
SOP document: to provide operational consistency,
to act as training aids, to provide reference when
investigating deviations, and to act as a record of
compliance during inspection. [22]Validation refers
to the establishment of proof or documentary
evidence that a system, procedure or equipment
consistently delivers a result which conforms to a
specified requirement. The fields of validation
include  procedure validation  (prospective,
concurrent, and retrospective), cleaning validation,
analytical method validation (based on the ICH Q2
(R1) gquidelines), computer system validation
(CSV), and equipment qualification (1Q, OQ &
PQ). [23]The FDA's Process Validation Guidance,
released in 2011, outlined a step-wise process
validation strategy comprising Process Design
(Step 1), Process Qualification (Step 2), and
Continued Process Verification (Step 3). This
lifecycle approach explicitly acknowledges the
need for ongoing updating of process knowledge
acquired during product development and
manufacturing processes. [24]

2.4 Distinction Between Quality Assurance and
Quality Control

One area that often creates confusion is
the understanding of the difference between
Quality Assurance and Quality Control. Although
both processes are essential for product quality,
their approaches and positioning within an
organisation are different. [25]
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Table 2: Key Differences Between QA and QC

Attribute Quality Assurance (QA) Quality Control (QC)
Nature Proactive, preventive Reactive, detective
Focus Systems, processes, compliance Testing finished products/materials

Responsibility Entire organisation

QC laboratory personnel

Documentation | SOPs, master documents, audits

Test results, COA, logbooks

Regulatory basis | ICH Q10, cGMP regulations

ICH Q2(R1), pharmacopoeias

Approach Built into the system

Applied to outputs

1. QA SYSTEMS AND TOOLS
3.1 Quality Management Systems (QMS)

A QMS is a structured framework that
outlines the roles, responsibilities, and processes
required to carry out quality goals and policies. In
the pharmaceutical sector, QMS can be described
as the operational implementation of the
philosophy stated by ICH Q10 as an organizational
structure, responsibilities, processes, procedures,
and resources required to implement quality
management. [26]

ISO 9001:2015 standard, which is not
mandatory for pharmaceutical manufacturing
organizations, is a widely recognized QMS model
based on the Plan-Do-Check-Act (PDCA)
methodology and involves risk-based thinking as
its main concept, and hence, fits well into the ICH
Q9 and Q10 philosophy. [27]

The use of electronic quality management
systems (eQMS) is widespread in large
pharmaceutical companies today as compared to
paper-based systems, due to numerous benefits in
the areas of document management, process
management, maintenance of audit trails, and
availability of information. Commercial products
such as Veeva Vault Quality, MasterControl, and
Sparta Systems TrackWise offer modules for
managing documents, CAPAs, deviations, changes,
training, and vendor qualifications. [28]Modules of
pharmaceutical QMS  include:  Document
Management;  Change  Control;  Deviation
Management; CAPA; Training Management; and
Vendor Qualification Management — all
responsible for identifying quality problems,
documenting, investigating, analyzing their causes,
and implementing corrective measures. [29]

3.2 Corrective and Preventive Action (CAPA)
CAPA is a key component of a

pharmaceutical QMS and the principal tool used

for investigating quality issues, taking corrective

actions against them, and preventing their
recurrence. An efficient CAPA system is expected
by the FDA, and CAPA problems rank among the
top reasons for FDA Warning Letters addressed to
drug manufacturers. [30]Corrective Actions are
measures intended to deal with problems that have
already appeared, aimed at eradicating their root
causes to prevent any recurrence. Preventive
Actions are measures intended to address potential
deviations, i.e., risks that may turn into problems.
Both categories of actions involve root cause
analysis performed using tools such as the
Fishbone (Ishikawa) diagram, the 5-Why analysis
method, or Fault Tree Analysis, as well as an
assessment of effectiveness once completed. [31]

Characteristics of an efficient CAPA
system include: immediate initiation once a quality
problem has been detected; rigorous, data-driven
root cause analysis; well-defined, measurable
corrective/preventive actions with clearly indicated
owner and due date; and effectiveness
confirmation. [32]

3.3 Risk Management Frameworks

Quality Risk Management (QRM) is now
a cornerstone of contemporary pharmaceutical QA
practice after the release of ICH Q9 in 2005
(updated in 2023 as Q9(R1)). QRM offers a
structured approach towards evaluating,
controlling, communicating, and reviewing the
risks to the quality of medicines, thus ensuring that
any decisions on how to allocate resources,
implement process controls, and perform testing
are commensurate with the level of risk involved.
[33]Tools used commonly for risk assessment
include: Failure Mode and Effects Analysis
(FMEA), which involves systematic identification
of potential failures and determination of their
impact through Risk Priority Number (RPN);
FMECA; Hazard Analysis & Critical Control
Points (HACCP); and Preliminary Hazard Analysis
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(PHA). The updated ICH Q9(R1) document of
2023 included key clarifications on the role of
subjectivity in risk assessment and the vital
importance of using scientific knowledge, data, and
experience in making QRM decisions. [34, 35]

3.4 Audits and Self-Inspection

Audits and internal inspections are a key
component of the pharmaceutical QA process,
offering structured and documented reviews as to
whether quality-related actions conform to plans,
are executed effectively, and are appropriate for the
realization of quality system objectives. [36]Self-
inspection refers to the practice of a pharmaceutical
company inspecting its systems using its own
quality assurance department in order to detect
potential non-compliances or weaknesses before
any inspection takes place from the regulators' side.
Self-inspection should include all possible aspects
of cGMP compliance on an agreed-upon schedule.
[37]Supplier audit is an evaluation process carried
out by pharmaceutical companies for contract
manufacturers, contract laboratories, and raw
material suppliers. Supplier audits have become
increasingly significant due to globalisation of
pharmaceutical manufacturing processes, making
quality assurance not only important at production
facilities but also throughout the whole supply
chain. [38]

V. QUALITY BY DESIGN (QBD)

4.1 Quality Target Product Profile (QTPP)

The QbD strategy begins with the Quality
Target Product Profile, which is a prospective
overview of a drug product's quality attributes that
should ideally be attained to guarantee the intended
quality, safety, and efficacy. The QTPP acts as the
benchmark against which all development
decisions are assessed and specifies what the
finished product must be, not what the process that
produces it will be. [40]The QTPP typically
includes: the intended use in relation to the dosage
form and route of administration; dosage form
design and container closure system; dosage
strength; pharmacokinetic features pertinent to the
therapeutic indication; drug product quality
standards suitable for the intended marketed
product; and any unique considerations required by
the patient population. [41]The QTPP is not a static
document — it is refined iteratively as product
understanding increases through development.
Critically, the QTPP provides a sound scientific
basis for identifying which product attributes are
truly critical to patient outcomes, enabling the

development team to focus resources on
understanding and controlling the factors that
matter most. [42]

4.2 Critical Quality Attributes (CQA)

Critical Quality Attributes (CQAS) refer to
the  physical, chemical, biological,  or
microbiological properties or characteristics that
must remain within specified limits, ranges, or
distributions to guarantee the desired quality of a
product. CQAs are established from the QTPP
through a risk assessment of product attributes,
which involves identifying those attributes that, if
they fall outside their acceptable ranges, could
adversely affect product safety, efficacy, or patient
acceptability. [43]In the case of a solid oral dosage
form such as a tablet, common CQASs encompass:
assay (drug content); content uniformity;
dissolution rate and profile; hardness and friability;
disintegration time; moisture content; and the
particle size distribution of the active ingredient.
For sterile injectable products, additional CQAs
consist of sterility, particulate matter content,
endotoxin levels, pH, osmolarity, and visible
appearance. [44]The identification of CQAs
necessitates a comprehensive understanding of how
product  characteristics relate to  clinical
performance. Risk assessment tools, especially the
Initial Risk Assessment, which is frequently
organized as a Fishbone diagram or risk matrix, are
employed to systematically assess and prioritize the
potential effects of each product attribute on patient
safety and efficacy. [45]

4.3 Critical Process Parameters (CPP)

Critical Process Parameters (CPPs) are
those parameters in a process whose variability
directly influences one or more Critical Quality
Attributes (CQAs). The functional distinction
between CPPs and non-critical process parameters
is important — it is essential to monitor and control
CPPs within specified ranges to guarantee that the
manufacturing process yields materials that comply
with all CQA specifications. [46]ldentifying CPPs
necessitates a systematic comprehension of the
connections between process inputs and product
outputs — these connections are generally
examined through Design of Experiments (DoE)
methodologies. DoE facilitates the simultaneous
variation of multiple input wvariables in a
statistically organized way, allowing for the
identification of both the individual impacts of each
variable and any interaction effects. [47]
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4.4 Design Space and Control Strategy

The Design Space is characterized in ICH
Q8(R2) as the multidimensional interplay of input
variables (such as material attributes) and process
parameters that have been shown to ensure quality
assurance. Operating within the design space is not
regarded as a modification and does not necessitate
regulatory notification, thus rendering the design
space a significant asset for manufacturing
flexibility post-approval. [48]The Control Strategy,

as outlined by QbD, specifies how the integration
of material attributes, process parameters, in-
process monitoring, and end-product testing
collectively guarantees that CQAs are achieved. An
effectively crafted control strategy is proportionate
to risk — implementing stricter controls on higher-
risk parameters while adopting more adaptable
methods where scientific understanding supports
such an approach. [49]

Table 3: QbD Elements and Their Regulatory Basis

QbD Element Description ICH Reference

QTPP Defines  desired  product  performance | ICH Q8(R2)
characteristics

CQA Product attributes linked to safety/efficacy ICH Q8(R2), Q9

Risk Assessment Identify and evaluate risks to CQAs ICH Q9

CPP Process parameters affecting CQAs ICH Q8(R2)

Design Space

Proven acceptable range of parameters

ICH Q8(R2)

Control Strategy
performance

Planned set of controls ensuring process | ICH Q10

Sources: References [12, 19, 21, 39, 40, 48, 49]

V. CURRENT CHALLENGES IN
PHARMACEUTICAL QUALITY
ASSURANCE

Despite notable progress in regulatory
frameworks and technological advancements,
pharmaceutical quality assurance still encounters
substantial challenges that hinder the reliable
provision of high-quality medications. Recognizing
these challenges is crucial for formulating effective
strategies to tackle them. [50, 52]

5.1 Regulatory Complexity and Jurisdictional
Divergence

The worldwide pharmaceutical sector is
required to maneuver through an exceptionally
intricate  regulatory environment marked by
considerable variations in jurisdictional
requirements, interpretations, and enforcement
strategies. Although initiatives such as ICH and
PICS (Pharmaceutical Inspection Co-operation
Scheme) have made progress in harmonizing
critical aspects, notable discrepancies remain
among regulatory systems in major markets.
[50]Companies exporting their products across
several destinations have to abide by the FDA's
cGMPs in the United States, GMPs within the
European Union, standards set by the Japanese

PMDA, regulations of Health Canada, and many
other regulations of different countries that emerge
as new markets. Manufacturers must ensure
compliance even where the requirements differ
regarding batch record formats, validation
practices, stability testing, and management of
electronic records. [51]Regulatory changes per se
are another challenge. New and revised guidance
documents come out constantly from various
regulatory agencies. The manufacturer will have to
evaluate the effect of these changes on its
production activities and implement any measures
required by them, including changing its approach
to product safety and moving toward electronic
submission systems and risk-based inspections.
[52]

5.2 High Implementation and Maintenance
Costs

The cost associated with implementing
QA in the pharmaceutical industry is huge and acts
as a hindrance to the implementation of best
practices, especially for SMEs in developing
countries. These costs include capital expenses for
designing facilities and qualifying equipment,
operating costs for labor, staff training, and
maintenance of systems, investing in validated 1T
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systems, and cost of investigations, batch failure,
recalls, and other quality incidents. [53]Research
published in the Journal of Pharmaceutical
Sciences approximated that financial losses due to
poor quality in the manufacture of drugs affect the
global pharmaceutical industry by about $50 billion
each year, including the effects of inefficiency,
recalls, rejections, and penalties. This illustrates
that investing in quality is ultimately cheaper than
the cost of quality failures. [54]

5.3 Data Integrity Vulnerabilities

Data integrity — encompassing the
completeness, consistency, accuracy, and reliability
of data at all stages of its life cycle — has become
one of the biggest compliance issues for the pharma
industry. During the period of 2012-2022, the FDA
issued more than 100 Warning Letters for data
integrity issues, and many bans on importing goods
were due to data manipulation issues. [55]

Integrity problems could span from simple
documentation problems to the falsification of
records, including backdating, improper electronic
data overwriting, failure to document original data,
and audit trail manipulation. ALCOA+
(Attributable, Legible, Contemporaneous, Original,
Accurate, plus Completeness, Consistency,
Enduring, and Availability) is considered the basis
of data integrity. [56]

Although the change from paper to
electronic format usually improves the data
integrity control process with the application of
enforced audit trails and access controls, there are
potential threats that can emerge as a result of the
absence of validation of these systems, restrictions
on user access, and poor backup of electronic
documents. [57]

5.4 Human Error and Training Deficits

Human error is one of the major causes in
pharmaceutical quality investigations as well as a
major problem for QA systems. Research on
pharmaceutical deviation databases has shown that
human error is responsible for about 50 to 70% of
manufacturing problems, such as mix-ups,
measurement errors, documentation errors, and
lack of procedural compliance. [58]The best way of
mitigating human error involves a systemic
approach that does not simply include retraining
after an error takes place. Human error analysis
must distinguish between errors due to knowledge
gaps (correctable by training), errors due to flawed
procedures or working environments (correctable
through ergonomics and procedures), and

violations due to organizational culture issues
(correctable through leadership interventions). [59]

5.5 Global Supply Chain Vulnerabilities

In recent years, the pharmaceutical
industry supply chain has become much more
globalized and complicated by sourcing APIs,
excipients, and packaging materials through
supplier networks dispersed across many nations.
The COVID-19 pandemic served as an important
reminder of the vulnerability of this supply chain
by illustrating how reliant the global
pharmaceuticals market is on a small number of
locations for API production, including China and
India. [60]For QA, there are concerns associated
with complex and worldwide supply chains relating
to maintaining quality standards of raw materials,
remaining aware of supplier activities, identifying
counterfeit materials, and handling cold chain
considerations related to biological materials.
Supplier qualification programs, testing programs
for raw materials, and supply chain risk
assessments must all appropriately address these
issues. [61]

VI. EMERGING TRENDS IN
PHARMACEUTICAL QUALITY
ASSURANCE

The field of quality assurance in
pharmaceuticals is  undergoing a  major
transformation owing to the emergence of several
technologies that form a cluster related to the fourth
industrial revolution, or Industry 4.0. These
technologies provide unmatched potential for
process understanding, real-time quality assurance,
and a shift towards predictive quality management.
[62]

6.1 Digital QA and Industry 4.0

Industry 4.0 — an era of convergence
between cyber-physical systems, Internet of
Things, cloud computing, cognitive computing, and
artificial intelligence for use in manufacturing
operations — is revolutionising pharmaceutical
manufacturing, from batch to continuous, digitally
enabled operations. The concept of the Smart
Factory, where operations can be replicated in a
digital form to facilitate decision making,
forecasting, and management, is steadily moving
from theory to practice. [63]

Transformation of pharmaceutical QA in
the digital age involves the use of electronic batch
records (EBR), which substitute paper-based batch
records; Manufacturing Execution Systems (MES)
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that guide operators during manufacturing; Process
Analytical Technology (PAT) tools for real-time
monitoring of critical quality attributes; and
analytics platforms for analyzing data from
different sources. [64]

6.2 Artificial Intelligence and Machine Learning
in QA

Artificial  Intelligence and Machine
Learning may be considered among the most
revolutionary influences currently impacting
pharmaceutical quality assurance. Al is a field
which deals with computational machines that can
accomplish  tasks usually requiring human
intelligence such as pattern recognition, decision
making, prediction, and natural language
processing; Machine Learning is a subset of Al
where  learning  occurs  without  explicit
programming. [65]

Applications of Al and ML in
pharmaceutical QA include: predictive quality
modeling where ML models trained on past
manufacturing data detect patterns that predict
future batch failure; automated visual inspections
by computer vision systems using deep learning;
natural language processing for adverse event
reporting and complaints evaluation; and regulatory
intelligence applications that scan the global
regulatory environment. [66]An illustrative case of
Al implementation in pharmaceutical QA is Al-
driven spectral analysis of Raman spectroscopy
data for online monitoring and control. Such Al-
based analysis enables detecting polymorphic
transitions, evaluating Kinetic processes of API
crystallization, and identifying impurities at trace
concentrations. [67]

6.3 Internet of Things (1oT) in Pharmaceutical
Manufacturing

The Internet of Things is essentially the
interconnection of devices, including sensors,
actuators, measuring instruments, and cameras,
linked to the internet and to each other,
continuously producing and exchanging data. The
0T has facilitated continuous monitoring of vital
parameters such as temperature, humidity, pressure,
flow rate, pH, and conductivity in the manufacture,
storage, and distribution process. [68]l0T-enabled
environmental monitoring systems can detect any
deviation in temperature and humidity values in
storage locations, clean rooms, and cold chain
transport, creating electronic logs that meet data
integrity criteria. loT tags facilitate tracking the
position and condition of valuable pharmaceuticals
in the supply chain. The combination of loT

streaming data with Al-enabled analytical tools
makes it possible to implement ‘digital twin'
concepts very efficiently. [69, 70]

6.4 Automation and Robotics in QA

Automation and robotics are gaining
widespread adoption in pharmaceutical
manufacturing and quality control procedures.
Robotic liquid handlers and automated analytical
devices have taken over routine quality control
laboratory activities where manual sampling and
analysis was previously done, eliminating analyst-
to-analyst variability in results. [71]Collaborative
robots are employed in tablet counting and
packaging, vial inspection, and labeling in the
pharmaceutical manufacturing sector. Sterile filling
and inspection lines, which are completely
automated, have now reached a high level of
sophistication where they can work in isolators
with very little human involvement. [72]Process
Analytical Technology (PAT), described officially
by the FDA as a system designed to analyze and
control processes based on timely measurements of
critical quality and performance attributes, allows
real-time characterization of material properties and
process conditions. PAT tools such as near-infrared
(NIR) spectroscopy, Raman spectroscopy, focused
beam reflectance measurement (FBRM), and
particle size analyzers contribute to the
implementation of real-time release testing. [73]

6.5 Data Integrity, 21 CFR Part 11, and
ALCOA+

The regulation surrounding electronic
records and electronic signatures, with emphasis on
21 CFR Part 11 in the US and EU Annex 11 in
Europe, prescribes certain requirements for
validating electronic records, maintaining their
security, audit trail, and integrity. The compliance
with these regulations forms the basic necessity for
implementing a digital QA system. [74]

The ALCOA+ principle — insisting that
data be Attributable, Legible, Contemporaneous,
Original,  Accurate, Complete,  Consistent,
Enduring, and Available — offers a tangible
approach to assessing data integrity within both
paper and electronic environments. The application
of ALCOA+ calls for a technical solution as well as
a strong data management culture. [75]

6.6 Blockchain Technology in Pharmaceutical
QA

Blockchain technology, distinguished by
its decentralization, immutability, transparency,
and encryption features, can be utilized in
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pharmaceutical distribution in various
transformative ways. Transactions registered in a
blockchain system are recorded chronologically
and cannot be altered, since records are distributed
among all participants of the network. [76]In
pharmaceutical applications, blockchain could
provide an unbroken, immutable chain of custody
for drug products from API synthesis through
finished product manufacture, distribution, and
dispensing. Pilot projects by companies including
MediLedger, IBM, and various pharmaceutical
consortia have demonstrated feasibility, though
widespread  adoption  is  constrained by
interoperability challenges, scalability limitations,
and the need for industry-wide standardisation.
[77]Track and trace legislation, such as the US
DSCSA and EU FMD, mandating serialisation and
traceability, represent regulations for which
blockchain could be an ideal solution. With stricter
regulations and greater maturity of interoperability
standards, blockchain is anticipated to see rapid
implementation within the pharmaceutical industry.
[78]

6.7 Continuous Manufacturing and Real-Time
Release Testing

Continuous manufacturing (CM) is an
alternative paradigm compared to the traditional
batch manufacturing approach, where raw materials
are continuously input through unit operations until
the output is the final product. The benefits of CM
include compact equipment size, better process
control, scale-up without requiring re-validation,
and faster manufacturing cycles. [79]In terms of
QA, CM requires a completely new process control
and release strategy. In particular, real-time release
testing (RTRT) — evaluating the quality of process
intermediates and/or the final product in real-time
based on process data — becomes necessary for
continuous manufacturing. RTRT is accomplished
by incorporating real-time PAT data directly into
the production process through multivariate
statistical process control models. [80]Both FDA
and EMA have released guidelines related to
continuous manufacturing. One of the first
landmarks was the Janssen/J&J facility in Belgium,
where FDA approved the tablet manufacturing
process for darunavir via CM technology in 2016.
[81]

VIL FUTURE PROSPECTS
The path for pharmaceutical QA leads to a
future defined by increasingly proactive, predictive,
and patient-focused quality management. Several

trends will shape the future of QA in the coming
decade. [82]

7.1 Smart Manufacturing and Predictive QA

The concept of the pharmaceutical smart
factory — the integration of a manufacturing plant
that uses Al systems to constantly track process
status, anticipate quality deviations, and optimize
process parameters to ensure the best quality — is
slowly becoming more tangible. Predictive quality
assurance systems based on machine learning
algorithms fed by extensive historical production
data will allow QA professionals to focus on
preventive measures rather than corrective actions.
[83]

Digital twin technology, which involves
developing computer models of manufacturing
processes based on sensor data, is another
promising technology that will play an important
role in both process optimization and quality
assurance. The use of digital twins will make it
possible to virtually test the impact of process
changes without the need to physically implement
them. [84]

7.2 Al-Driven Audits

Al could bring about radical changes for
inspections and internal audits. Advanced
document analysis solutions using Al technologies
can scan huge volumes of digital documents such
as batch records, laboratory records, deviation
reports, and CAPA records in order to detect
anomalies, patterns, and data integrity issues with
unparalleled efficiency compared to manual
methods. The FDA and EMA are considering
utilizing advanced analytics in their inspection
activities. [85]

Another vision for the future is the
introduction of ‘continuous compliance', where
regulatory authorities can monitor manufacturing
processes in real time via remote data collection
and apply continuous risk stratification in their
oversight instead of conducting inspections
periodically. Such a model could radically change
the industry's interaction with regulatory agencies.
[86]

7.3 Global Harmonisation of QA Standards

The future of pharmaceutical QA will
demand harmonised global standards, which will
allow drugs to be produced anywhere in a
compliant facility and marketed anywhere in the
world without redundant assessment and testing.
ICH has taken great strides in this respect, and the
broadening of its member base to include
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regulatory agencies from China, South Korea,
Brazil, and other rising markets is an encouraging
sign. [87]Mutual Recognition Agreements (MRAS)
— formal agreements between regulatory bodies to
recognise each other's inspection results and drug
approvals — can also reduce redundancy in the
regulatory process while ensuring quality and
safety. The FDA-EMA MRA on GMP inspections,
in place since 2019, shows how this can work. [88]

7.4 Personalised Medicine and Adaptive QA
With the advent of personalised medicine,
encompassing advanced therapy  medicinal
products (ATMPs) like CAR-T cell therapy, gene
therapy, and tissue-engineered products, entirely
novel QA concerns are arising. The ATMPs have a
biological nature and variability that pose a unique
challenge to QA systems traditionally applied to
chemical-based large-scale drug products. [89]
Unique QA issues associated with
personalised medicine include: the use of variable
biological raw materials from donors; complex
biological manufacturing processes; very small
batch sizes, sometimes down to one dose per
patient; strict timelines driven by patient health
status; and extremely serious consequences for
failed products in severely ill patient groups. New
QA systems combining adaptive process control
with sophisticated analysis are being developed
specifically for these types of drugs. [90]

VIIL. CONCLUSION

Quality assurance in the pharmaceutical
field is currently faced with an inflection point.
Never before has the regulatory and scientific
foundation of quality assurance been so strong, but
never before have the difficulties — such as
regulatory complexity, data integrity problems,
fragile supply chains, and rapidly changing
technology — been so challenging either. [50, 55,
60, 62]

However, decades of experience, both on
the part of regulatory bodies and within industry,
have taught much about the proper ways to ensure
quality and safety, from initial inspections to
complex,  science-based risk  management
strategies. Quality assurance systems developed
through ICH harmonization efforts have provided
pharmaceutical companies with powerful tools for
designing quality into drug products early on in
development. [9, 12, 19, 21]

Industry 4.0 innovations such as artificial
intelligence, machine learning, Internet of Things,

blockchain technology, continuous manufacturing,
and real-time release testing provide the
pharmaceutical QA field with an unparalleled suite
of tools that facilitate the shift from traditional,
compliance-based quality management to a new
paradigm of predictive and patient-oriented quality
assurance. The implementation of these innovative
technologies entails both technical challenges and
regulatory changes, but most importantly, a cultural
change towards quality rather than mere
compliance is crucial. [62, 65, 68, 79, 82]

The QA specialists of tomorrow will have
to possess a blend of expertise in science, data
skills, digital proficiency, and regulatory awareness
that current training curriculums are just beginning
to address. There is an important role for
educational institutes and professional
organizations to play in shaping the future
workforce needed for pharmaceutical quality
assurance. [82, 87]
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