Pratiksha Gaikwad, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 7, 4025-4048 | Review

INTERNATIONAL JOURNAL OF

PHARMACEUTICAL SCIENCES
[ISSN: 0975-4725; CODEN(USA): 1JPS00]
Journal Homepage: https://www.ijpsjournal.com

OPEN (75"} ACCESS

o

Review Article

Role of Quality Assurance in Pharmaceutical Packaging Operations

Pratiksha Gaikwad*', Prajakta Gaikwad? Dr. Swati Burungale?, Dr. Rajendra Patil*

34 Delonix Society’s Baramati College of Pharmacy, Barhanpur, Maharashtra, India.

? Fabtech College of Pharmacy, Sangola, Solapur, Maharashtra, India.

ARTICLE INFO ABSTRACT
Published: 20 July 2026 In pharmaceutical packaging, quality assurance (QA) is crucial to guaranteeing that
Keywords: medications are high-quality, safe, stable, and effective. Through the use of appropriate

Quality Assurance,
Pharmaceutical Packaging,
Packaging Operation, Good
Manufacturing Practices,
Current Good
Manufacturing Practices
(CGMP), Packaging
Materials, Primary
Packaging, Secondary
Packaging, In-Process
Quality Control (IPQC),
Quality Control.

DOI:
10.5281/zenodo.21462089

assurance.

documentation, quality systems, risk management, in-process quality control (IPQC),
and product release protocols, it aids in maintaining quality throughout the packaging
process. The function of QA in pharmaceutical packaging, legal requirements, typical
packaging flaws, and quality issues is all covered in this examination. Recent
developments like Quality by Design (QbD), Process Analytical Technology (PAT),
Artificial Intelligence (Al), Internet of Things (IoT), Pharma 4.0, continuous production,
and electronic Quality Management Systems (eQMS) are also highlighted. Process
control, product quality, traceability, regulatory compliance, and patient safety are all
enhanced by these technologies. All things considered, the production of pharmaceutical
products that are dependable, safe, and of excellent quality depends heavily on quality

INTRODUCTION

There is more to pharmaceutical packaging than
just containing a medication. It offers vital
information including product identity, dose
instructions, expiration date, batch number,
storage conditions, and regulatory labelling while
shielding medications from contamination,
moisture, air, light, and mechanical damage.

Medication mishaps, product recalls, counterfeit
concerns, and patient injury can all result from
packing problems. In order to guarantee that the
packaged  product continuously  satisfies
predetermined quality requirements, QA is
incorporated into every phase of packaging
activities.
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A crucial part of the packaging process is ensuring
that drugs are maintained properly to maintain
their therapeutic efficacy from the time of packing
until consumption. Packaging is the art and science
of preparing products for usage, storage, and
transportation. Pharmaceutical packaging
provides protection, presentation, identification,
information,
encourage adherence to a recommended course of

treatment. (1,2)

and convenience in order to

OBJECTIVES:

Pharmaceutical packaging is made safe, accurate,
and compliant with quality and regulatory
standards thanks to quality assurance (QA). Before
the final product is delivered to the patient, it keeps
an eye on the packing process, conducts quality
checks, and helps guarantee that it is safe,
effective, and defect-free.

Product protection, safety, convenience, cost-
effectiveness, and environmental impact are all
taken into consideration when evaluating
packaging quality. Pharmaceutical items are made
consistently in accordance with recognized quality
standards and are safe, effective, and sterile thanks
to regulatory requirements. In addition to
appropriate validation, quality control, sterility
testing, and microbiological monitoring prior to
product release, they demand adherence to
regulations such as ICH, GMP, FDA, and

pharmacopeial standards. (1)
1.Pharmaceutical Packaging Operations:
a) Materials for packaging

During storage and transit, packaging materials

shield pharmaceutical items against
contamination, damage, and environmental
impacts. The product's quality and stability

shouldn't be impacted by the clean, appropriate

£
AR

{341} INTERNATIONAL JOURNAL OF PHARMACELITICAL SCIENCES

N ’
W

7

containers. Before being used again, reusable
containers must be thoroughly cleaned and any
outdated labels removed. Appropriate packing
materials support Good Manufacturing Practices
(GMP) and help preserve product quality. (2,10)

b) Receipt of Packaging Materials

Before being accepted, all inbound packaging
materials should be examined for accurate
labelling, the state of the containers, and any
indications of contamination or damage. Until the
materials are sampled, tested (if necessary), and
authorized for use, they should be placed under
quarantine. To avoid mistakes, the materials
should be accurately identified and confirmed

before being mixed with current stock. (2,10)

¢) Testing and sampling of new production
materials

Before being used, incoming production materials
should be examined and sampled to verify their
authenticity and quality. If a supplier has been duly
assessed and approved, their certificate of analysis
may be accepted. To ensure that the supplier's
results continue to be accurate and dependable,
thorough testing should be carried out on specific
batches on a regular basis. (3,10)

d) Packaging material storage

To avoid contamination, damage, and loss of
quality, packaging materials should be stored in
hygienic and appropriate settings. They should be
positioned so that they can be properly cleaned and
inspected, and they should be kept off the floor.
Whenever feasible, materials should be used in a
first-in, first-out (FIFO) manner. Rejected
materials should be properly labelled and stored in

a different quarantine location to avoid
unintentional use. (3,10)
e) In-Process Control
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To guarantee that the product satisfies quality
standards, in-process controls are carried out
during manufacturing. All test findings should be
documented in the batch record, and samples
should be gathered using authorized scientific
methods. Only authorized staff should make any
changes to the procedure. (10)

2. Role of Quality Assurance in Packaging
Operations:

a) Good Manufacturing Practices (GMP)

Legal Authority: The Quality Control Unit is
legally required to accept or reject all components,
drug product containers, closures, in-process
materials, packaging, and completed drug
products in accordance with FDA regulations (21

CFR 211.22).

Industry rules: Specialized organizations offer
particular GMP rules in addition to basic
regulations. For instance, GMPs for aseptic plant
design, installation, and commissioning have been
issued by the Campden Food Preservation
Research Association.

Modern Frameworks: Driven by ICH QI10,
modern thinking highlights that GMP is a
comprehensive Quality System (QS) that calls for
senior management responsibility and a focus on
prevention rather than just appraisal, rather than
only a set of regulations for the quality unit. (4)

Compliance with GMP Guidelines

Operational Monitoring: Strict adherence to
planned process parameters and observation of
operations for appropriate processes are how
compliance is maintained.

Inspections and Audits: Plants are regularly
examined for proper equipment adjustment,
safety, and  housekeeping. = Conventional
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compliance frequently depends on regular,
efficient audits to make sure the factory complies
with all rules.

Integration of Expertise: In order to comply with
GMP regulations, the Quality Control Unit must
make sure that engineering and other specialty
units make use of their specialized skills to
preserve process integrity

Aseptic Integrity: Regular inspections of
sanitation programs and the cleanability of
equipment structures are part of compliance in
specialized lines. (5)

Documentation Control

Support for Quality Systems: One essential
industrial supporting process is documentation.

Recordkeeping: Monitoring and checking every
aspect of product quality is a key component of
quality assurance, and this requires thorough
recordkeeping.

User-Friendly Design: To guarantee that processes
are straightforward, fail-safe, and simple for
employees to follow, modern QA expertise entails
producing user-friendly documentation.

Accuracy and uniformity: The accuracy of the data
gathered and the uniformity of activities play a
major role in the evaluation of quality systems. (6)

Personnel Training

Early Selection: Training and personnel selection
are thought to be essential components of a
successful business.

Advanced Preparation: It is important to choose
supervisors, operators, mechanics, and quality
control personnel well in advance of plant startup.
Before beginning at a new facility, it is advised
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that they work for three to four weeks in an
established plant.

Qualification of individuals: One quantifiable
component of a sound quality system is the
qualification of individuals. Identifying training
needs and creating efficient training plans and
materials are part of QA's job.

Expanding Skillsets: In order to become "master
craftsmen" in statistical techniques, risk analysis,
and root cause analysis, modern QA staff must get
training beyond the fundamentals of GMPs. (6)

b) Supplier Qualification and Vendor Approval

Strategic Oversight: Supply Chain Management,
which encompasses supplier
communications, performance, improvement, and
alliances, is part of the knowledge that modern
Quality (QA) professionals are
expected to have.

selection,

Assurance

Preventive Costs: Vendor approval is regarded as
a proactive expense. Long-term "failure costs,"
like as rejects, reworks, or recalls brought on by
inferior materials, might be decreased by investing
in these early phases.

Process Ownership: One of the main elements of a
sound Quality System (QS) is the "Supplier
Process." (7)

Supplier Audits

Compliance and Oversight: Through regular,
efficient audits, the quality unit's main duty is to
make sure the factory and its partners abide by
requirements.

Expert Utilization: Rather than QA merely
repeating their work, audits ensure that specialist
units or third-party manufacturers are making
good use of their specific skills and knowledge.

¥ o
SR

&J;a»'jy INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

S

Continuous Improvement: Good practices are
identified and rewarded through audits, which
fosters a strong quality culture throughout the
supply chain. (8)

Material Quality Assessment

A crucial component of quality assurance is the
evaluation of incoming materials to make sure that
only suitable parts are put on the production line.
Sampling of Raw Materials: QA is required to set
up a program for sampling raw materials
according to their "spoiling susceptibility" and
possible health hazards. Samples must be collected
more frequently for materials that provide greater
hazards in order to produce a statistically valid
image of quality.

Powder homogeneity: Rather than depending only
on testing of the finished product, material
evaluation of component powders should take
place early in the pharmaceutical powder
production process. QA can identify the exact
locations of uniformity issues by measuring the
homogeneity of powders before compaction or
encapsulation. (8)

¢) Packaging Material Control

Assessing the mechanical strength and quality of
packaging materials is the first step in quality
assurance. In order to maintain optimal sealing
conditions throughout the production process,
incoming materials must be examined to make
sure they offer clean, wrinkle-free surfaces.

Supplier Oversight: The supply chain and
materials management are regarded as essential
auxiliary production operations.

Cost of Quality: The quality cost framework
classifies the testing and inspection of raw
materials and packaging as appraisal costs. (9)
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Identity Testing

Procedures and specifications that affect the drug
product's identity, strength, quality, and purity
must be approved or rejected by the Quality
Control Unit. The closures and containers that hold
the product are also subject to this authority. The
Quality Control Unit's main responsibility is to
make sure that such knowledge has been applied
and that the materials match their stated criteria,
even if particular chemical identity tests for plastic
or glass are frequently carried out in specialized
laboratories. (9)

Visual Inspection

The most straightforward and popular non-
destructive technique for evaluating package
quality is visual examination. Large sample sizes
and the evaluation of many characteristics are
made possible by it.

Manual Inspection: Integrity control is frequently
done manually offline, where an inspector can
usually see flaws or leaks greater than 100 pm.

Inspection Criteria: During visual inspection,
important characteristics are examined, such as:

* Seals emerge and line normally.

» Lack of surface imperfections, pleats, cavities,
or wrinkles.

* Indications of material delamination or
product contamination in the seal area.

* Adjust the sealing mechanism's effects of heat
and pressure.

Teardown Tests: To verify longitudinal and
transversal seals, corners, and web alignment,
machine operators and quality control personnel
conduct "teardown tests" on a regular basis. (9)

Printing Verification
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One of the Quality Control Unit's primary duties is
to verify printing and labeling. This supervision
falls under the category of "Labeling—from
Artwork to Use" and encompasses the label's
whole lifecycle.

Examining the Records: To make sure that there
were no mistakes made throughout the labeling

and packaging stages, QA must examine
manufacturing records.
Defect Detection: Visual examination is

performed to look for "pinholes" or "missed seals"
in laminated containers. Computer-aided video
inspection is used in sophisticated systems to
detect and statistically describe flaws in the seal
and label regions; nevertheless, these systems need
a high contrast to properly detect creases or cracks.

The following components are essential to
operational control and quality
assurance (IPQA) in aseptic and pharmaceutical
packaging systems. (9)

in-process

d) In-process Quality Assurance (IPQA)

The focus of modern quality philosophy has
shifted from finished goods to production line
control. Process control is focused on prevention
rather than just evaluation by identifying Critical
Control Points (HACCP).

Powder Processing: Prior to compaction or
encapsulation, IPQA in manufacturing entails
measuring the homogeneity of powders. This
makes it possible to pinpoint the exact stage of the
process when issues with content uniformity may
occur.

Aseptic Monitoring: Constant observation of
factors including sterilization temperature and
duration, gas partial pressure, and sealing device
function guarantees that the procedure stays within
predetermined bounds. (5)
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Label Verification and Batch Coding

Legally, all labeling and packaging materials must
be approved or rejected by the Quality Control
Unit.

Labeling Lifecycle: To guarantee accuracy and
compliance, oversight goes through a procedure
known as "Labeling—from Artwork to Use".

Traceability: During manufacture, every sample
unit must be uniquely numbered. By localizing
every individual issue to a particular moment in
time, batch coding makes it possible to conduct
root-cause analyses that take into consideration
elements like material splices or line interruptions.

(11)
Leak Testing

The most crucial aspect of package integrity
assurance is making sure the seal is hermetic.
There are several ways to test for leaks:
Destructive methods include dye tests, which
check for ink penetration in crucial regions,
electrolytic tests, which use electrical current to
locate holes, and breakdown tests, which manually
verify seal alignment and wrinkles.

Nondestructive and online techniques include
automated profilers and pressure testing, which
involves submerging a package in a vacuum to
look for bubbles. By monitoring the side deflection
or "vacuum" of a container, automated devices can
quickly identify pinholes or missing seals.
Advanced Techniques: Studies have looked into
ultrasonics and infrared thermography, which can
identify brief temperature drops in uneven seals.

(1)
Weight Checks and Dimensional Monitoring

Traditional tests entail examining the mean drug
content of 20 units, although content consistency
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for strong medications frequently necessitates
individual assays.

Dimensional checks are frequently used in
conjunction with programs for visual inspection.
Seal ring depth can be measured and recorded as
an early warning when certain factors, such as
temperature, pressure, or materials,
meeting specifications. (11)

are not

Visual Inspection

The simplest and most popular nondestructive
technique is visual inspection. Large sample sizes
and the simultaneous evaluation of multiple
qualities are made possible by it.

Manual Inspection: With the wunaided -eye,
inspectors can usually find leaks or flaws greater
than 100 um. This entails looking for pleats, voids,
wrinkles, and proper seal alignment.

Computer-Aided Video Inspection: Automated
video systems can be trained to detect and
statistically describe flaws in order to lower labor
expenses and increase dependability. But in order
to detect low-contrast creases or cracks, these
devices frequently need specific lighting.
In aseptic and pharmaceutical operations,
validation is an essential preventive strategy that
guarantees equipment and processes continuously
generate goods that satisfy safety and quality
requirements. (10,11)

e) Packaging Validation

Packaging validation focuses on ensuring the
container-closure  system maintains product
integrity throughout its lifecycle.

* Performance Testing: To ascertain whether
completed packages can retain integrity
throughout distribution, they are put through
stress testing. These include drop tests for
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consumer-sized containers, vibration tests,
and pressure testing (using mechanical
pressure or compressed air).

» Integrity Verification: To verify hermetic
seals, validation protocols use non-destructive
techniques like inspection and
automated profilers in addition to destructive
techniques like teardown tests, electrolytic
testing, and dye penetration tests.

visual

e Design Quality Evaluation: The Fuzzy
Analytic Hierarchy Process (AHP), which
assesses design quality based on pragmatic,
economic, aesthetic, and environmental

factors, can be used in advanced validation of

package design. (12)
Process Validation

A lifecycle approach is used in modern process
validation, which shifts from straightforward final-
product testing to integrating quality into the
manufacturing line.

* Aseptic Sterilization: Challenge testing
(experimental infection) is used to validate
aseptic lines. This entails testing the efficacy
of sterilizing techniques (heat, UV, or
chemical) under practical processing settings

using indicator organisms like Bacillus
stearothermophilus or Clostridium
sporogenes.

* Powder Homogeneity: Before compaction,
the homogeneity of powders is measured by
flow or vibration analysis in pharmaceutical
powder manufacturing. This  enables
producers to identify the precise stage of a
process where issues with content uniformity
may occur.

* Regulatory Framework: A key component of
contemporary validation is the 2011 FDA
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Process  Validation  Guidance, which
emphasizes that quality comes from a strong
process design and ongoing monitoring rather

than merely evaluating the final batch. (12)
Equipment Qualification (IQ, OQ, PQ)

Although the sources frequently call this phase
"commissioning," the main goal is to guarantee
that the system can reliably create sterile and
compliant goods when installed and run under
specified conditions.

* Design and Installation: To reduce the
possibility of cross-contamination,
qualification starts at the plant design stage,
where elements like equipment materials
(such as welded pipelines), pump cleanability,
and proper ventilation are described.

* Operational Control: QA makes ensuring that
specialized departments, such as engineering,
apply their knowledge to the qualification,
upkeep, and change control of facilities and
equipment.

+ Commissioning experiments: Before moving
on to sterilization experiments with the actual
product, first trials sometimes use water to
check for leaks and ensure that timing
sequences are operating appropriately. (12)

Cleaning Validation

For sanitation programs to be efficient and to avoid
cross-contamination, cleaning validation 1is
crucial.

* Design for Cleanability: As early as the
process design stage, equipment construction
cleanability must be assessed for effective
quality assurance.
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» Sanitation Monitoring: To make sure the
sanitation program is operating effectively,
compliance is maintained by routine cleaning
inspections.

* Microbiological Controls: To verify the
efficacy of the sanitation cycle, challenge tests
for plant contamination (e.g., using Bacillus
wet spores) are carried out during the
decontamination and cleaning phases.

* Preventive Maintenance: Although cleaning
and preventive maintenance are essential, they
are seen as auxiliary procedures that need to
be integrated into the entire quality system in
order to avoid equipment failure or unsterility.

(12)
f) Documentation

The management of Documentation, comprising
batch records, operating instructions, and quality
event systems, is a critical "supporting process"
that ensures the integrity of pharmaceutical
production and packaging activities. The sources
state that in order to guarantee product safety and
regulatory compliance, a robust Quality System
(QS) depends on accurate data and standardized
procedures. (2)

Batch Packaging Records (BPR)

The main source of information about a product's
quality and history is the batch packaging record.

* Regulatory Review: The Quality Control Unit
is required by law to examine production
records to ensure that no mistakes were made
during the process or, if they were, that they
were thoroughly looked into.

» Traceability: In order to pinpoint the precise
moment in production when a defect is found,
it is imperative that every sample unit be
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precisely numbered during manufacturing.
This enables investigators to take into
consideration certain factors noted in the
BPR, like equipment outages or material
splices. (2)

Standard Operating Procedures (SOPs) and
Logbooks

SOPs offer the necessary guidelines for carrying
out duties reliably and securely.

* Operational Guidance: To guarantee that both
machine operators and QC personnel carry out
critical quality checks—like  package
disassembly tests—according to procedures
outlined in an operator's manual (a type of
SOP).

* Design Philosophy:
contemporary Quality Assurance (QA)
philosophy, methods and documentation
should be straightforward, error-proof, and

According to

easy to use.

* Recordkeeping (Logbooks): QA is in charge
of keeping and reviewing thorough records
and recordkeeping, as well as monitoring and
inspecting every aspect of product quality.

(1D
Change Control

To make sure that changes to a validated system
don't negatively impact the quality of the final
result, change control is a proactive quality
procedure.

* QA Expertise: QA staff members are expected
to be change management specialists, offering
the supervision required to assess the effects
of modifications to facilities, equipment, or
vital systems.
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» Prevention Focus: Instead of responding to
failures after they happen, the organization
concentrates on prevention and continuous

improvement by  managing  changes
methodically. (5)
Deviations and CAPA (Corrective and

Preventive Action)

The Deviations and CAPA systems are activated
when the production process does not adhere to
specified requirements.

* Failure Investigation: QA is in charge of
looking into and fixing deviations and
failures. This entails checking documentation
to make sure any mistakes have been "fully
investigated."

* Root Cause Analysis: Using data to identify
the underlying causes of issues is a key
function of QA in contemporary QS.

* Management Responsibilities: Although QA
makes the process easier, senior management
is typically in charge of addressing the
underlying issues by allocating the necessary
funds to preventive and remedial measures.

* Cost of Quality: High internal failure costs,
such as retests, reinspection’s, and product
rejects, result from ineffective deviation
management. (5)

g) Quality Risk Management (QRM):

According to the groundbreaking ICH Q9 and ICH
Q10 frameworks, Quality Risk Management
(QRM) is a fundamental component of
contemporary pharmaceutical quality systems.
QRM places a strong emphasis on defect
avoidance and ongoing process improvement,
moving away from the conventional concentration
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on final-product testing and toward a proactive
lifecycle approach. (7)

Drawing from the sources, the specific
components of the risk management process
include:

Risk Identification

The first step in guaranteeing the integrity and
safety of a product is to identify potential dangers.

» Critical Control Points (HACCP): To focus
process control on the regions of highest risk,
contemporary quality systems define Critical
Control Points in the production line.

* Challenge Testing: To identify "weak points"
and assess a sterilization line's resilience,
aseptic operations use experimental infection
with indicator species.

 Powder Segregation: In manufacturing,
identification focuses on identifying the
precise stage of the process where issues with
medication  segregation and  content
homogeneity occur, such as during flow off a
chute or vibration in a hopper.

* Hazardous Materials: Identification also
addresses the potential for rotting and health
hazards related to particular raw materials.

(13)
Risk Assessment

Assessment entails determining the likelihood,
seriousness, and detectability of hazards that have
been identified.

+ Statistical Reliability: QRM assesses how
hard it is to identify rare risk variables, like a
1:10,000 non-sterile package rate.
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* Consequences Evaluation: The cost of
sampling as opposed to the cost of failure, as
well as the possible repercussions of defective
units reaching the consumer, are evaluation
considerations.

* Analytical Tools: Complex, multi-criteria
risks in fields like packaging design quality
can be using  sophisticated
mathematical models like the Fuzzy Analytic
Hierarchy Process (AHP).

evaluated

» Physical Stability Testing: To test a mix's
segregation propensity and determine whether
it is physically stable enough for full-scale
manufacturing, flow and vibration models are
used in powder processing. (13)

Risk Control

To reduce or eliminate the hazards that have been
recognized, risk control measures are put in place.

* Process Parameter Control: To keep the
process within safe bounds, crucial factors
such the sterilizing temperature and duration,
seal pressure, and partial pressure of gases in
the filling space are controlled.

* sample Programs: Rather than using a set
proportion of production, control measures
include developing sample programs based on
risk. More frequent sampling is necessary for
higher-risk raw materials or goods made
following a process disruption.

* Plant and Equipment Design: By choosing
materials and configurations that reduce the
possibility of cross-contamination and
guarantee construction cleanability, control
begins at the design stage. (13)

Risk Review
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Risk review guarantees that control methods
continue to be effective and that new hazards are
discovered over time.

* Senior Management Responsibilities:
According to ICH Q10, senior management is
ultimately in charge of the Quality System's

ownership and evaluation.

* Performance Indicators (Metrics): To give
management a clear picture of the system's
health, QA staff gather and examine data on
processes, including deviations, failures, and
complaints.

* Root Cause Analysis: Using statistical tools to
identify the underlying causes of issues rather
than just treating their symptoms is an
essential component of the review process. In
order to recommend corrective and preventive
actions (CAPA) to management, QA serves as
an expert facilitator.

* Management Reviews: Regular reviews give
management the opportunity to promote
ongoing development and allocate the
resources required to address underlying
problems.

The study of deviations, root cause analysis, and
CAPA (Corrective and Preventive Action) are
essential elements of a proactive, prevention-
focused approach to manufacturing and packaging
in the contemporary pharmaceutical
system. (13)

quality

h) Investigation of Deviations:

According to FDA Good Manufacturing Practices
(21 CFR 211.22), the Quality Control Unit is
required by law to examine all production records
to make sure that no errors have occurred or, if
they have, that they have been thoroughly
examined.
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* Localizing Faults: Traceability is essential to
effective investigations; each sample unit
should be numbered precisely during
production to enable the localization of any
single defect to a particular moment in time
and stage of production.

* Process Pinpointing: Instead of depending
solely on final product testing, which provides
no information on the point of failure,
investigations in specialized operations like
powder processing are shifting toward "in-
process" analysis to pinpoint precisely where
a deviation—like a loss of content
uniformity—arose.

* Support Processes: Within a robust Quality
System, the examination and remediation of
errors and deviations are formally classified as
essential supporting processes for production.
(14)

Root Cause Analysis (RCA)

In order to identify the true source of issues rather
than only treating their symptoms, Quality
Assurance (QA) takes the lead in employing risk
analysis and performance indicators.

* Management Responsibilities: The sources
stress that although QA makes the analysis
easier, addressing the underlying reasons is
mostly the duty of senior management since it
frequently necessitates the allocation of
resources  or  modifications to  the

organizational culture.

* Mechanistic Understanding: Manufacturers
utilize models, such the flow/vibration
segregation model for powders, to provide
mechanistic information about how a system
acts in order to undertake effective root cause
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analysis (RCA) and apply the proper
treatments.

* Credibility in Analysis: QA must be "master
craftsmen" of statistical and quality tools,
including specialized knowledge of root cause
analysis approaches, in order to lead these
investigations successfully. (15)

Corrective and Preventive Action (CAPA)

An organization uses the CAPA system to
implement the conclusions of its investigations in
order to prevent recurrence and promote ongoing
progress.

+ Strategic Suggestion: As part of its proactive
function, QA gathers data from the entire
quality system and recommends preventive
and senior

corrective measures to

management for execution.

» Effect on Quality Costs: High internal failure
costs, such as rejects, reworks, re-inspections,
retests, and equipment downtime, are the
consequence of  ineffective CAPA
implementation.

* Transition to Prevention: Contemporary
quality frameworks, such as ICH Q10,
promote a change in emphasis from
"appraisal" (identifying faults) to
"prevention" (removing the potential for
error), with CAPA acting as the main
instrument  for  promoting
improvement. (15)

continuous

i) Product Release:

As the last step of a pharmaceutical quality system,
the product release procedure guarantees that a
product is consumer-ready, safe, and compliant. It
is a thorough '"supporting process" that
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incorporates information from all phases of the
production process.

Review of Documents

The Quality Control (QC) Unit is required by law
to review production records.

Error Assurance: Records must be examined
by QA to "assure that no errors have occurred"
or that deviations have been "fully
investigated" if they have.

Traceability: Every sample unit must be
precisely numbered throughout manufacture,
according to modern procedures. During the
document review process, this enables QA to
pinpoint any isolated errors to a particular
moment in time and production stage, such a
material splice.

uniformity: The correctness of the data
recorded in the batch records and the
uniformity of procedures are critical to the
integrity of the release.(16)

QA Approval

One of the fundamental responsibilities of the
quality unit is the power to accept or reject
materials and completed goods.
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P

5"575"\& INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

Ny

Legal Mandate: All components, drug product
containers, closures, in-process materials,
labeling, and completed drug products may be
approved or rejected by the QC Unit in
accordance with FDA Good Manufacturing
Practices (21 CFR 211.22).

Scope of Approval: This approval covers all
processes and requirements that affect the
product's identity, strength, quality, and
purity.

£\
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* Expert Oversight: Before providing
permission, QA must make sure that the
knowledge of other specialized units, such
engineering or microbiology, has been
appropriately exploited, even though they
may not carry out every technical test
themselves. (16)

Release for Distribution

A product is only deemed "ready for sale" if the
distribution chain has been secured and all quality
requirements have been satisfied.

* Aseptic  Preincubation:  Sterility  for
aseptically packaged goods is not guaranteed
right away. Before being approved for
distribution, these goods must go through a
preincubation period, which is usually 5 to 14
days at 30°C to allow any surviving
microorganisms to grow to detectable levels.

* Packaging Integrity: To ensure that the
packaging can retain its integrity throughout
the handling and retail cycle, final release
frequently include "stress tests" (such as
pressure, vibration, or drop tests).

* Distribution  Oversight:  Oversight and
guidance for the operation of distribution and
retail networks are frequently included in the
expanded QA program. This guarantees that
the product will be safeguarded until it is
delivered to the customer.

* Performance Metrics: To assess the long-term
viability of the Quality System, QA keeps an
eye on post-release data, such as customer
complaints and returns. (16)

3. Regulatory Guidelines:

The pharmaceutical and packaging sectors follow
regulations to guarantee the efficacy, safety, and
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quality of medications. Global quality standards
including ICH Q8 for Quality by Design, ICH Q9
for Quality Risk Management, ICH Q10 for
Pharmaceutical Quality Systems, ICH Q11 for
drug substance development, and ICH Q14 for
analytical method development are provided by
the International Council for Harmonization
(ICH). Manufacturers must adhere to Good
Manufacturing Practices (GMP) and maintain
efficient quality systems throughout the product
lifecycle, according to regulatory bodies like the
European Medicines Agency (EMA) and the U.S.
FDA. Additionally, the FDA mandates that the
Quality Control Unit accept or reject finished
goods, labels, packing materials,
materials. Quality criteria for medications are
provided by pharmacopoeias like the British
Pharmacopoeia (BP). Through serialization and
track-and-trace ~ systems,  regulations  in
pharmaceutical packaging guarantee correct
labeling, product protection, traceability, and the

and raw

avoidance of contamination and counterfeit
medications. (17)

1. World Health Organization GMP

Through Good Manufacturing Practices (GMP),
the World Health Organization (WHO) offers
international rules to guarantee the efficacy,
safety, and quality of pharmaceutical products.
WHO GMP helps guarantee that pharmaceuticals
are consistently produced, packaged, and
regulated in accordance with quality standards.
The International = Pharmacopoeia, = which
establishes quality standards for pharmaceutical
ingredients and dosage forms, is also published by
the WHO.

These rules aid in preventing contamination and
preserving the stability and quality of
pharmaceutical packaging. By reviewing batch
records, packaging documentation, and equipment
logbooks in accordance with Standard Operating
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Procedures (SOPs) and GMP regulations, In-
Process Quality Control (IPQC) staff members
guarantee compliance. WHO standards encourage
uniform pharmaceutical quality throughout the
supply chain and assist international regulatory
compliance. (17)

2. United States Pharmacopeia

Pharmacopoeial standards contribute to the
assurance of pharmaceutical products' efficacy,
safety, and quality. Official standards for
pharmaceutical components, dosage forms, and
packaging materials are established by
pharmacopoeias including the United States
Pharmacopoeia (USP), British Pharmacopoeia
(BP), Pharmacopoeia. To
guarantee product quality,
requirements testing for

uniformity, disintegration, and dissolution.

and International
constant these

include content

Particularly for low-dose medications, individual
tablet testing aids in identifying differences
between dosage units. To find issues early in the
production process, these quality checks are also
utilized. Throughout the product's shelf life,
adherence to Good Manufacturing Practices
(GMP) and pharmacopoeial standards helps
guarantee  appropriate  packaging,  product
stability, and patient safety. (18)

3. Food and Drug Administration

To guarantee the efficacy, safety, and quality of
pharmaceutical products, pharmacopoeial
standards are crucial. Official standards for
pharmaceutical ingredients, dosage forms, and
packaging materials are provided by the United
States Pharmacopoeia (USP), British
Pharmacopoeia ~ (BP), and  International
Pharmacopoeia. To make sure that medications are
of the necessary quality, these criteria include tests
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including content homogeneity, disintegration,
and dissolution.

Particularly for low-dose medications, individual
tablet testing aids in identifying differences
between tablets. In order to identify and address
issues early on, these tests are also carried out
throughout manufacture. For the duration of the
product's shelf life, adhering to pharmacopoeial
standards and Good Manufacturing Practices
(GMP) helps guarantee appropriate packaging,
product stability, and patient safety. (2)

4. European Medicines Agency

Through rules founded on science, the European
Medicines Agency (EMA) guarantees the efficacy,
safety, and quality of medications. The EMA
encourages businesses to include quality into
goods during development and supports Quality
by Design (QbD). It promotes quality risk
management, robust quality and
continuous improvement by adhering to ICH Q8,
Q9, and Q10. In order to maintain product quality,

systems,

safety, and efficacy when manufacturing
techniques are modified, the EMA also mandates
comparison studies. Throughout the course of a
product's lifecycle, these recommendations aid in
enhancing patient safety, regulatory compliance,
and manufacturing consistency. (3)

5. International Council for Harmonisation of
Technical Requirements for Pharmaceuticals
for Human Use (Q9, Q10)

Pharmaceutical quality is enhanced by the
International Council for Harmonization's (ICH)
recommendations, which take a risk-based and
science-based approach. In order to guarantee
product quality and patient safety, ICH Q9 focuses
on identifying, evaluating, and controlling risks
throughout the product lifecycle.  The
Pharmaceutical Quality System (PQS) offered by
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ICH Q10 encourages effective quality control,
ongoing development, and  managerial
accountability. These standards promote Quality
by Design (QbD), which integrates quality into the
product during development, in conjunction with
ICH Q8 and ICH QI11. To guarantee product
quality, regulatory compliance, and patient safety,
regulatory organizations like the European
Medicines Agency (EMA) and the U.S. Food and
Drug Administration (FDA) closely adhere to
these principles. (7,13)

6. Schedule M (India)

For pharmaceutical manufacturing in India,
Schedule M offers Good Manufacturing Practice
(GMP) guidelines to guarantee the efficacy, safety,
and quality of pharmaceuticals. It emphasizes
hygienic practices, equipment upkeep, paperwork,
quality control, packing, and manufacturing.
Schedule M promotes consistent product quality
and regulatory compliance by adhering to
standards akin to WHO GMP, ICH Q9, and ICH
Q10. The Internet of Things (IoT), track-and-trace
systems, and
contemporary technology that assist prevent

counterfeit medications and increase quality.

serialization are examples of

Leaking seals, broken pills, damaged containers,
wrong labels, missing batch numbers, bad
printing, barcode problems, and defective cartons
are examples of common pharmaceutical
packaging flaws. These flaws may have an impact
on patient safety, stability, and product quality.
Through visual inspection, leak testing, seal
testing, weight checks, and automated inspection
systems, In-Process Quality Control (IPQC)
assists in identifying these issues, guaranteeing
appropriate packing quality and regulatory
compliance. (19)

4. Common Packaging Defects :
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In the pharmaceutical sector, common packaging
flaws can have an impact on patient safety,
stability, and product quality. Leaking or weak
seals, broken tablets, fractured bottles or vials,
erroneous labels, fuzzy printing, missing batch
numbers or expiration dates, barcode problems,
damaged cartons, missing leaflets, and defective
tamper-evident seals are some of these flaws.
Contamination, product damage, or improper
product identification might result from these
issues. Through visual inspection, leak testing,
seal strength testing, weight checks, and
automated inspection systems, In-Process Quality
Control (IPQC) assists in the detection of these
flaws. Proper packaging, regulatory compliance,
product stability, and patient safety are all
guaranteed by these quality control procedures. (2)

a) Missing tablets/capsules

Missing tablets or capsules can lead to wrong
dosage and compromise patient safety, making
them serious package flaws. In-Process Quality
Control (IPQC) inspections are carried out during
packaging to stop these flaws. Tablets or capsules
that are missing or improperly positioned in blister
cavities are detected by protruding product
sensors, which halt the machine if a flaw is
discovered. The accurate quantity of pills or
capsules in every package is guaranteed by weight
inspections and computerized counting systems.
Empty blister pockets, damaged goods, and other
packaging flaws can be found with the aid of visual
inspection and automated vision systems. The
precise labeling and product count are verified by
carton inspection. [oT, smart sensors, and real-
time monitoring are examples of contemporary
technologies that enhance patient safety,
regulatory compliance, and packaging quality. (2)

b) Incorrect labelling
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A major pharmaceutical packaging flaw that can
compromise patient safety and regulatory
compliance is incorrect labeling. Inaccurate
product names, improper dosage strengths, blurry
printing, missing batch numbers or expiration
dates, and barcode errors are examples of common
labeling flaws. Before being used, all labeling
materials are examined and approved by the
Quality Control (QC) Unit. To find labeling
problems during packaging, In-Process Quality
Control (IPQC) employs automated vision
systems, barcode scanners, and visual inspection.
Inspection of cartons guarantees that all labels are
accurate and comprehensive. Track-and-trace
systems, inspection, IoT,
serialization are examples of modern technology
that help assure regulatory compliance, prevent
counterfeit medications, and increase labeling
accuracy. (2,21)

automated and

¢) Wrong carton

Because it can lead to product mix-ups and
compromise patient safety, using the incorrect
carton is a major pharmaceutical packaging issue.
Through barcode scanning, ocular inspection,
carton inspection, and line clearance, In-Process
Quality Control (IPQC) assists in preventing this
flaw. While eye inspection finds broken or wrong
cartons, barcode scanners verify that the carton
code corresponds to the right goods. The proper
product quantity, batch numbers, manufacturing
dates, and expiration dates are all guaranteed by
carton inspection. To guarantee adherence to Good
Manufacturing Practices (GMP), the Quality
Control (QC) Unit approves packaging materials
and examines batch records. To stop faulty
products from getting to patients, the product is
rejected and looked into if the incorrect carton is
discovered. (21)

d) Printing errors
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Because printing errors can impact both product
safety and regulatory compliance, they are
significant flaws in pharmaceutical packaging.
Inaccurate product information, fading or blurry
printing, missing batch numbers, production and
expiration dates, and barcode problems are
examples of common printing flaws. Through
print quality checks, visual inspection, barcode
scanning, and automated vision systems, In-
Process Quality Control (IPQC) assists in
preventing these flaws. The clarity, accuracy, and
completeness of all printed information are
guaranteed by carton inspection. Correct product
identification, regulatory compliance, product
traceability, and patient safety are all made
possible by these quality control procedures. (21)

e) Leakage

Leakage is a major pharmaceutical packaging flaw
that compromises patient safety and product
quality by allowing moisture, air, and microbes to
enter the box. Leak tests including the bubble test,
dye penetration test, and vacuum decay test are
used by In-Process Quality Control (IPQC) to
verify seal integrity. Seal flaws including creases,
voids, and partial seals can also be found by visual
inspection. To stop leaks, manufacturers keep an
eye on the sealing time, pressure, and temperature.
[oT, smart sensors, and real-time monitoring are
examples of contemporary technologies that
enhance product safety, regulatory compliance,
and packaging integrity. (20)

f) Broken seals

Because they allow moisture, air, and microbes to
enter the package, broken or damaged seals pose a
major risk to patient safety and product quality in
pharmaceutical packaging. Damaged package
materials, contaminated sealing surfaces,
improper sealing temperature, pressure, and time
can all result in seal flaws. These flaws are found
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via In-Process Quality Control (IPQC) using
automated inspection systems, dye penetration
tests, leak tests, and visual inspection. To avoid
seal flaws, manufacturers also keep an eye on
sealing parameters, clean sealing machinery, and
perform routine machine maintenance. These
quality control procedures aid in ensuring patient
safety, product stability, packaging integrity, and
regulatory compliance. (20)

g) Damaged containers

Because they can have an impact on patient safety,
stability, and product quality, damaged containers
are significant pharmaceutical packaging flaws.
Pinholes, broken blister packs, dented cartons,
shattered bottles, and damaged vials are common
flaws. These flaws may let microbes, moisture,
and oxygen into the container. In-Process Quality
Control (IPQC) wuses automated inspection
methods, leak testing, and visual examination to
identify damaged containers. To guarantee
packing strength, manufacturers also conduct
drop, vibration, compression, and pressure testing.
In addition to preserving product quality and
regulatory compliance, proper handling, storage,
and transportation assist avoid container damage.
(20)

6. Challenges in Pharmaceutical Packaging QA

Maintaining product quality, sterility, and patient
safety  presents issues  for
pharmaceutical packaging quality assurance (QA).
Microbial infection, sluggish microbiological
testing, trouble finding minor packaging flaws,
and restrictions on final product testing are typical
problems. Accurate defect detection and non-
destructive package integrity testing are also
significant problems. International rules like
GMP, Quality by Design (QbD), Quality Risk
Management (QRM), and ICH recommendations

numerous

must be adhered to by manufacturers. Although
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they increase quality, modern technologies like the
Internet of Things (IoT), Process Analytical
Technology (PAT), and automated inspection
systems demand significant financial outlays and
highly qualified staff. Strong quality systems, risk
management, and ongoing monitoring all
contribute to ensuring both product quality and
regulatory compliance. (13)

a) Counterfeit medicines

Because they can compromise patient safety and
product quality, counterfeit medications pose a
serious threat. Pharmaceutical firms use barcode
scanning, serialization, track-and-trace systems,
and Internet of Things technologies to combat
counterfeit goods. To verify product authenticity,
In-Process Quality Control (IPQC) examines
barcodes, labels, and tamper-evident seals. Visual
inspections and seal integrity testing aid in the
detection of packaging flaws and tampering.
Product traceability is enhanced by accurate
labeling  that includes batch  numbers,
manufacturing dates, expiration dates, and
serialization. Adhering to Good Manufacturing
Practices (GMP) and robust quality control
systems guarantees patient safety, regulatory
compliance, and the prevention of counterfeit
medications. (3)

b) Human errors

Because it can have an impact on patient safety,
regulatory compliance, and product quality,
human error is a frequent problem in
pharmaceutical manufacturing and packaging.
Errors can happen in batch record review,
documentation, microbiological testing, and visual
inspection. By enhancing process control and
product quality, Quality by Design (QbD), Good
Manufacturing Practices (GMP), and Six Sigma
aid in the reduction of human error. Errors can also
be avoided with regular training, adherence to

¥ o
SR

&J;a»'jy INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

S

Standard Operating Procedures (SOPs), and
correct documentation. To guarantee product
quality and regulatory compliance, the Quality
Control (QC) Unit examines production records
and looks into any irregularities. (13)

¢) Packaging material variability

Because variations in packing materials can
impact product quality, stability, and safety,
packaging material variability is a problem in
pharmaceutical packaging. Material variations
might result in weak packing, pinholes, cracks, and
seal flaws. Before being wused, all packing
materials are examined and approved by the
Quality Control (QC) Unit. To find material-
related flaws, In-Process Quality Control (IPQC)
employs visual inspection, dimensional checks,
seal integrity testing, and barcode verification.
Reducing material variability and ensuring
consistent  packaging  quality, regulatory
compliance, and patient safety are made possible
by Quality by Design (QbD), risk management
methods like FMEA, and contemporary
technologies like IoT and automated inspection
systems. (13)

d) Regulatory compliance

Pharmaceutical products' efficacy, safety, and
quality are guaranteed by regulatory compliance.
Pharmaceutical firms are required to adhere to
worldwide regulatory norms, pharmacopoeial
standards, and Good Manufacturing Practices
(GMP). The Quality Control (QC) Unit examines
manufacturing records and authorizes raw
materials, packaging, labeling, and completed
goods. During manufacturing, packing materials,
labeling, seal integrity, weight, and product quality
are all examined by In-Process Quality Control
(IPQC). Quality by Design (QbD), quality risk
management, and continuous improvement are
supported by guidelines like ICH Q8, Q9, Q10,
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Q11, and Q14. 10T, serialization, and track-and-
trace systems are examples of contemporary
technologies that enhance product traceability,
regulatory compliance, and defense against fake
medications. (22)

e) Serialization implementation

Pharmaceutical product safety, traceability, and
authenticity are all enhanced by serialization and
track-and-trace systems. While track-and-trace
systems keep an eye on products all the way
through the supply chain, serialization assigns
each product a unique identifying number.
Barcode scanners are used by In-Process Quality
Control (IPQC) to confirm batch numbers, serial
numbers, barcodes, and expiration dates when
packaging. Codes
unintelligible are automatically discarded. IoT,
real-time monitoring, and cloud systems are
examples of modern technology that enhance
product traceability, facilitate  regulatory
compliance, speed up product recalls, and aid in

that are incorrect or

the prevention of counterfeit medications. (2)
f) Data integrity

Because it guarantees that all records are accurate,
comprehensive, and trustworthy, data integrity is
crucial in the production and packaging of
pharmaceuticals. To verify adherence to Standard
Operating  Procedures (SOPs) and Good
Manufacturing Practices (GMP), the Quality
Control (QC) Unit examines batch records,
equipment logbooks, and quality papers. In-
Process Quality Control (IPQC) keeps accurate
records of testing, inspections, deviations, and
remedial measures. Artificial intelligence (Al),
machine learning (ML), process analytical
technology (PAT), and automated data systems are
examples of digital technologies that enhance data
and facilitate  ongoing
safety,

accuracy
improvement.

quality

Patient regulatory
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compliance, and product quality are all made
possible by strong data integrity. (22)

7. Recent Advances

Patient safety and medication quality have been
enhanced by recent developments in
pharmaceutical quality assurance (QA). Quality by
Design (QbD) incorporates quality into goods
from the start. Analytical Quality by Design
(AQbD) increases the dependability of testing
procedures. Early risk identification is aided by
zero-phase risk assessment. Real-time process
monitoring is made possible by continuous
manufacturing. Final product testing is less
necessary with Real-Time Release (RTR). The
production of medications with precise dosages is
aided by 3D printing. Supply chain monitoring and
manufacturing are enhanced by Pharma 4.0 and
the Internet of Things (IoT). Quick
microbiological techniques find contamination
more quickly. Packaging flaws are
discovered by sophisticated inspection methods.

swiftly

Machine learning (ML) and artificial intelligence
(AI) aid in process improvement and quality
problem prediction. The creation of mRNA
vaccines was also aided by these technologies. All
things considered, pharmaceutical manufacturing
is now safer, quicker, and more effective thanks to
contemporary QA. (23)

a) Pharma 4.0

Pharma 4.0 employs contemporary digital
technologies in the production of pharmaceuticals.
It establishes a connected and intelligent
production system. Manufacturing processes are
improved by technologies like PAT, IoT, Al, ML,
and digital twins. IoT sensors gather process data
in real time. During production, PAT tools keep an
eye on the quality of the final product. By
producing virtual models, digital twins aid in the
improvement of production. Al and ML evaluate
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data and forecast quality issues. Real-Time
Release (RTR) and continuous manufacturing are
supported by Pharma 4.0. It enhances product
quality and lowers human error. In order to stop
fake medications, it also improves data integrity,
serialization, and track-and-trace systems. Data
management and regulatory compliance are
enhanced by digital systems. Pharma 4.0,
however, need very sophisticated technology,
substantial funding, and trained personnel. All
things considered, Pharma 4.0 improves the
efficiency, dependability, and safety of
pharmaceutical manufacturing. (24)

b) Artificial Intelligence (AI)

Pharmaceutical production and quality control are
being enhanced using artificial intelligence (Al)
and machine learning (ML). To anticipate quality
issues and enhance manufacturing procedures,
they do extensive data analysis. Al facilitates real-
time process control and aids in the early detection
of process abnormalities. Additionally, it enhances
risk management and process optimization. Al
creates intelligent industrial systems by
collaborating with digital twins and the Internet of
Things (IoT). Digital twins forecast product
quality and mimic production processes. By seeing
equipment issues before they arise, Al also helps
with predictive maintenance. Cutting-edge data
analysis technologies decrease ambiguity and
enhance decision-making. Al and ML improve
patient safety, factory efficiency, product quality,
and regulatory compliance. (23)

¢) Machine Vision Inspection

Pharmaceutical packaging uses machine vision
inspection, an automated quality control method,
to swiftly and precisely identify flaws. It detects
flaws like cracks, wrinkles, seal flaws, dents,
missing tablets, and improper labeling using high-
resolution cameras, sensors, and image processing
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software. It reduces labor expenses and human
error while producing faster, more uniform, and
more dependable results than manual inspection.
To enhance flaw identification, sophisticated
systems additionally employ automated seal
inspection, infrared thermography, and barcode
verification. Adoption of Pharma 4.0 enables real-
time monitoring, predictive quality control,
enhanced product safety, and regulatory
compliance by integrating machine vision with Al,
machine learning, and IoT. (24)

d) Digital Batch Records (DBRs)

Pharmaceutical production and packaging
procedures are documented using Digital Batch
Records (DBRs), which are electronic replicas of
conventional paper batch records. They reduce
human mistake and enhance data accuracy and
integrity by automatically gathering real-time
production data from machinery. DBRs provide
quicker detection of process irregularities by
monitoring Critical Process Parameters (CPPs)
and Critical Quality Attributes (CQAs) during
production. They facilitate real-time product
release and enhance regulatory compliance,
product traceability, and audit preparedness. In
Pharma 4.0, DBRs improve patient safety, quality
control, and manufacturing efficiency by
integrating Al, IoT, and machine learning. (23)

e) Smart Packaging

Smart packaging enhances the quality, safety, and
traceability of pharmaceutical items by utilizing
cutting-edge digital technologies. It monitors
products throughout manufacturing and the supply
chain by combining technologies like IoT, Al,
PAT, and Quality by Design (QbD). Sensors,
machine vision, and barcode systems are used in
smart packaging to identify flaws, confirm product
authenticity, and stop fake medications.
Additionally, it keeps an eye on temperature,
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humidity, and other important parameters in real
time. These innovations enhance patient safety,
sustainability, supply chain efficiency, product
quality, and regulatory compliance. (25)

f) RFID Technology

Pharmaceutical products can be automatically
identified and tracked throughout the supply chain
using a technique called Radio Frequency
Identification (RFID). It helps prevent counterfeit
medications while enhancing supply chain
visibility, inventory management, and product
traceability. Real-time tracking, automatic data
collecting, and improved regulatory compliance
are all made possible by RFID's integration with
IoT and serialization technologies. Additionally, it
facilitates quicker product recalls,
warehouse management, increased production
productivity, and greater patient safety. (25)

effective

g) Blockchain for supply chain

Pharmaceutical data can be recorded and shared in
a safe, unchangeable manner thanks to blockchain
technology. It increases  supply chain
transparency, enhances product traceability, and
aids in the prevention of fake medications.
Blockchain ensures data integrity and regulatory
compliance by safely storing production,
packaging, serialization, and distribution records.
It makes it possible to monitor product location,
temperature, and other crucial factors in real time
when integrated with IoT. In general, blockchain
enhances patient safety, supply chain security, and
quality assurance in the pharmaceutical sector.
(25)

h) IoT-based monitoring

IoT-based monitoring tracks the production and
packaging of pharmaceuticals in real time using
networked sensors. In order to identify process
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deviations early and enhance product quality, it
continuously monitors Critical Process Parameters
(CPPs) and Critical Quality Attributes (CQAs).
IoT facilitates Real-Time Release (RTR),
increases data accuracy, and decreases human
paperwork. Predictive maintenance is also made
possible, manufacturing efficiency is increased,
product traceability is strengthened, regulatory
compliance 1is supported,
medications are prevented. IoT further improves
process control, quality assurance, and patient
safety when combined with Al and machine
learning. (24)

and counterfeit

8. Future Perspectives

Pharma 4.0 will prioritize automation, data-driven
decision-making, and real-time monitoring in
pharmaceutical quality assurance (QA) and in-
process quality control (IPQC). IoT, Al, machine
learning, and digital twins are examples of
technologies that will help improve process
control, identify process irregularities early, and
improve product quality. End-product testing will
be less necessary thanks to continuous
manufacturing, Real-Time Release (RTR), and
quick microbiological testing. Additionally,
supply traceability, sustainable
manufacturing, regulatory compliance, and patient
safety will all be strengthened by future QA
systems. (23)

chain

a) Fully automated packaging lines

Filling, capping, sealing, labeling, coding,
serialization, and packing are all completed by
fully automated packaging processes with little
assistance from humans. They monitor Critical
Process Parameters (CPPs) in real time and
identify flaws including damaged containers, seal
failures, and labeling problems using IoT, sensors,
and machine vision technologies. Automated
systems enhance

manufacturing  efficiency,
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support Real-Time Release (RTR), lower human
error, and improve product quality. Additionally,
predictive  maintenance production
downtime and helps avoid equipment breakdowns.
(23)

lowers

b)Predictive quality systems

Quality by Design (QbD) and Pharma 4.0
technologies are used by predictive quality
systems to forecast and manage product quality
during production. They use IoT, PAT, Al, and
machine learning to continually monitor Critical
Process Parameters (CPPs) and Critical Quality
Attributes (CQAs). These systems facilitate Real-
Time Release (RTR), lower process variability,
and identify any issues early. Quality problems can
be found and avoided with the use of risk
like PCA and FMEA.
Predictive quality systems generally enhance
patient safety, factory efficiency, product quality,
and regulatory compliance. (22)

assessment methods

¢) Real-time monitoring

Using IoT, PAT, sensors, and machine vision
systems, real-time monitoring continuously
assesses pharmaceutical manufacturing and
packaging operations. In order to quickly identify
flaws and process irregularities, it keeps an eye on
Critical Process Parameters (CPPs) and Critical
Quality Attributes (CQAs). This enhances
manufacturing productivity, lowers human error,
facilitates Real-Time Release (RTR), and
improves product quality. Predictive maintenance
is made possible by real-time monitoring, which
also improves patient safety and regulatory
compliance. (24)

d) Continuous manufacturing (CM)

A contemporary pharmaceutical manufacturing
technique called continuous manufacturing (CM)
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creates medications continuously rather than in
discrete batches. It controls Critical Process
Parameters (CPPs) and Critical Quality Attributes
(CQAs) using Quality by Design (QbD), Process
Analytical Technology (PAT), automation, and
real-time monitoring. Continuous manufacturing
boosts manufacturing efficiency, facilitates Real-
Time Release (RTR), shortens production times,
and enhances product quality. It helps guarantee
constant product quality and regulatory
compliance, even if it calls for sophisticated
technology and knowledgeable staff. (8)

e) Sustainable packaging

In the pharmaceutical industry, sustainable
packaging is crucial since it safeguards both the
environment and medications. QA and IPQC
encourage the use of recyclable, biodegradable,
and environmentally friendly packaging materials
while also reducing waste. Pollution of the
environment is further decreased via recycling and
appropriate waste management. By lowering
material and energy consumption,

technologies like Pharma 4.0 and IoT increase

waste

package efficiency. Smart packaging design
preserves product quality and complies with
regulations while using less materials. In general,
eco-friendly packaging lowers expenses, boosts
productivity, and promotes environmental
sustainability. (17)

f) Eco-friendly packaging materials

Using  Eco-Friendly  Packaging  Materials
The pharmaceutical business is using more
environmentally friendly packaging materials.
These materials contribute to environmental
protection and are recyclable and biodegradable.
They preserve the quality and safety of
medications while being utilized in primary,
secondary, and tertiary packing. Eco-friendly

packaging promotes recycling, minimizes waste,
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and conserves resources. Sustainable packaging
materials can be chosen with the use of tools like
the Fuzzy Analytic Hierarchy Process (Fuzzy
AHP). By cutting waste, conserving energy, and
streamlining production, contemporary
technologies like Pharma 4.0, the Internet of
Things (IoT), and Quality by Design (QbD)
enhance packaging. All things considered, eco-
friendly packaging increases productivity, lowers
expenses, complies with legal requirements, and
promotes environmental sustainability. (17)

g) Digital
(eQMS)

Quality Management Systems

Electronic Quality Management System (eQMS)
A computerized tool for managing pharmaceutical
quality is Quality
Management System (eQMS). It enhances data
accuracy, integrity, and traceability by substituting
electronic documentation for paper-based records.
Critical Process Parameters (CPPs) and Critical
Quality Attributes (CQAs) can be monitored in
real time with eQMS, which facilitates prompt
problem detection and remedial action. To
enhance quality, process control, and data security,

called an Electronic

it makes use of contemporary technologies
including the Internet of Things (IoT), artificial
intelligence (AI), machine learning, digital twins,
and blockchain. Additionally, the system
simplifies regulatory compliance and audits by
managing documentation, deviations, inspections,
and corrective and preventative actions (CAPA).
In the pharmaceutical sector, eQMS generally
enhances  product quality,
effectiveness, regulatory

continuous improvement. (5)

manufacturing
compliance, and

CONCLUSION:

Pharmaceutical packaging benefits greatly from
quality assurance (QA), which guarantees the
efficacy, stability, safety, and quality of
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medications. Through appropriate documentation,
quality control, and risk management, it promotes
regulatory compliance, helps prevent packaging
problems, and enhances product quality.
Packaging quality and production efficiency have
been further enhanced by contemporary
technologies including Quality by Design (QbD),
Process Analytical Technology (PAT), Artificial
Intelligence (Al), Internet of Things (IoT), Pharma
4.0, and electronic Quality Management Systems
(eQMS). All things considered, a robust quality
system promotes the ongoing
manufacturing of safe and superior pharmaceutical

assurance

products, guarantees regulatory compliance, and
helps safeguard patient safety.
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