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ABSTRACT

Pharmaceutical packaging is evolving from a conventional system used mainly for containment and protection into an
integrated platform that supports product authentication, traceability, environmental monitoring, and protection against
counterfeiting. The increasing circulation of falsified medicines and the complexity of global pharmaceutical supply
chains have created a growing need for reliable and technologically advanced packaging solutions. This review pro-
vides an overview of recent developments in pharmaceutical packaging, with particular emphasis on authentication,
track-and-trace technologies, product protection, and intelligent monitoring. Connected packaging approaches, in-
cluding QR codes, Data Matrix codes, radio-frequency identification (RFID), near-field communication (NFC), seri-
alization, and digital tracking systems, can improve product identification and supply-chain visibility. Additional
security technologies, such as holograms, specialized inks, blockchain, cloud platforms, and the Internet of Things
(IoT), further support product verification and information exchange. Protective approaches, including tamper-evident
systems, advanced barrier materials, active packaging, time—temperature indicators, and chemical or biological sensors,
contribute to maintaining product quality during storage and transportation. The review also discusses challenges re -
lated to cost, scalability, interoperability, cybersecurity, sustainability, and regulatory requirements. Collectively, these
technologies offer opportunities to strengthen pharmaceutical supply-chain security and improve patient protection.
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INTRODUCTION and integrity of the medicinal product and facilitates
handling and administration [2]. Besides, packaging

Packaging is an important aspect of pharmaceuticals, provides a protective barrier against damaging factors

ensuring that medicines remain safe and of high
quality during storage and handling. It is guarding
against environmental and physical factors which
may affect the product before it is opened and used.
The dosage form, route of administration and the
properties of the formulation and the packaging ma-
terial may dictate the type of packaging required.
Hence medicines intended for different routes of ad-
ministration need packaging systems that are particu-

such as moisture, light, temperature fluctuations, bio-
logical contamination, physical or mechanical stress.
Minimizing the exposure of the product to these fac-
tors helps to maintain the quality and efficacy of the
product until the medicine is opened and administered
to the patient [3].

Pharmaceutical packaging is broadly classified as
primary, secondary and tertiary packaging, depending
on the degree of contact with the pharmaceutical

larly suitable for their specific needs [1]. ) ) _ P e i
product and its role in handling and distribution. Pri-

Pharmaceutical packaging is not only for the protec-
tion of the product during storage. This is important
throughout the product’s life cycle, from manufac-
turing and transportation to storage and final use by
the patient. A packaging system that is well chosen

mary packaging is that which comes in direct contact
with the dosage form and should be of suitable con-
tainment with least interaction of the formulation and
the packaging material; blister and strip packages are

and well designed ensures the stability, quality, safety

Relevant conflicts of interest/financial disclosures: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY 830 |Page




Radhika Dadaji Aher, Int. J. Sci. R. Tech., 2026 3(11), 830-847 | Review

common examples [4]. Secondary packaging is lo-
cated around the primary packaging and provides
additional protection during handling and transporta-
tion. Cardboard cartons and plastic crates are exam-
ples of secondary packaging [5]. Tertiary packaging
is mainly intended for the bulk handling, storage, and
transportation of pharmaceutical products after they
have been packaged. It provides an additional level of
protection during distribution and helps facilitate the
safe movement of packaged products. Depending on
the nature of the pharmaceutical product and the re-
quirements of the packaging system, a range of ma-
terials such as plastics, glass, metals, polymers,
rubber, and paper-based materials may be used [6].

Counterfeit, substandard, and falsified (SF) medicines
pose a significant threat to public health because their
contents may not meet the required standards for
genuine pharmaceutical products. They can contain
an incorrect quantity of the active pharmaceutical
ingredient, contain little or no active ingredient, or
include substituted substances instead of the intended
ingredients. In some instances, these medicines may
also be contaminated with harmful or toxic materials,
which can affect the expected therapeutic response
and place patients at risk. The occurrence of such
medicines within the pharmaceutical supply chain
therefore makes effective authentication and verifi-
cation essential for confirming the identity, quality,
and safety of pharmaceutical products before they are
supplied for patient use [7,8].

Conventional primary and secondary packaging sys-
tems, such as blister packs, glass vials, and paper-
board cartons, continue to be widely used for
pharmaceutical products. However, these conven-
tional systems have some limitations in meeting the
requirements of increasingly complex pharmaceutical
supply chains. In most cases, they provide passive
protection but do not allow continuous monitoring of
environmental conditions during transportation. As a
result, changes in factors such as temperature, hu-
midity, and light exposure may not be detected in real
time [9].
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Traditional approaches to product security also have
limitations. Features such as printed information,
simple one-dimensional barcodes, and non-serialized
holograms are generally static and may be reproduced
or modified using advanced printing methods [10].
Another concern is the use of batch-level identifica-
tion rather than assigning a unique identity to each
individual package. This approach can result in dis-
connected information at different stages of the sup-
ply chain and may make comprehensive tracking from
the manufacturer to the end user more difficult [9,11].
In addition, conventional labels generally do not pro-
vide interactive functions, which limits the possibility
of directly checking product authenticity by health-
care professionals or patients at the point of use
[10,11].

The field of pharmaceutical packaging has progressed
substantially with the emergence of innovative tech-
nologies that aim to strengthen the protection, au-
thentication, monitoring, and traceability of medicinal
products [12]. Technologies including radio-fre-
quency identification (RFID) and blockchain are in-
creasingly being explored within the pharmaceutical
supply chain for tracking products and helping to
prevent the circulation of counterfeit medicines [13].
Another important development is the introduction of
smart and intelligent packaging, which incorporates
sensors, indicators, and monitoring technologies to
provide information on the conditions surrounding
pharmaceutical products during storage and trans-
portation. These systems can help identify unfavor-
able storage conditions and, in certain applications,
may contribute to improved patient adherence to pre-
scribed medication regimens [12].

This review therefore provides an overview of recent
developments in next-generation pharmaceutical
packaging technologies. Particular emphasis is placed
on product authentication, track-and-trace solutions,
and smart sensor-based environmental monitoring, as
well as their potential contribution to pharmaceutical
safety, product integrity, and brand protection

831|Page



Radhika Dadaji Aher, Int. J. Sci. R. Tech., 2026 3(11), 830-847 | Review

Figure 1: Evolution of Pharmaceutical Packaging

1. Traditional Packaging

Conventional Systems

- Basic Glass Bottles
« Standard Blister Packs 7
= Basic Pill Containers

* Minimal Protection

2. Advanced Packaging
Security & Protection

« Tamper-Evident Seals
= Anti-Counterfeit Features
= Child-Resistant Closures

« Desiccant Layers

3. Smart Packaging
Digital Identification

* Unigue Serialized QR Codes

—>  .RFID/NFC Tags

= Interactive Patient Info

« Digital Authentication

4. Intelligent Packaging

Connected Ecosystem

* Real-Time loT Sensors

T - Temp & Humidity Tracking

» Blockchain Traceability

= Cloud Data Analytics

Figure 1: Evolution of Pharmaceutical Packaging (Traditional to Connected/Intelligent Systems

3. Next-Generation Pharmaceutical Packaging
Technologies:

3.1 Smart Packaging :

According to Vanderroost et al. [14], smart packaging
represents an integrated packaging system in which
intelligent and active functions work together. The
intelligent function enables the package to detect and
monitor changes occurring in the product or its sur-
rounding environment, whereas the active function
allows an appropriate response to these changes.
Chemical sensors and biosensors are among the tech-
nologies that can be incorporated into smart packag-
ing systems for monitoring product quality and safety
[15]. However, the design and functionality of smart
packaging depend on the specific requirements of the
product and its intended application. For instance, the
technologies used for pharmaceutical products may
differ from those required for healthcare or household
products [15]. Consequently, the conditions or pa-
rameters that need to be detected, communicated, or
controlled may also vary depending on the applica-
tion.Smart packaging also offers capabilities for
tracking and tracing products throughout their lifecy-
cle. By monitoring conditions within the package as
well as those in the external environment, these sys-
tems can generate relevant information about the
status of the packaged product. Such information can
assist manufacturers, retailers, and consumers in
monitoring product quality and safety at different
stages, from production and distribution to final use.

3.2 Connected Packaging :
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Data carrier technologies have become an integral
part of modern packaging systems and are increas-
ingly incorporated into packaging labels to facilitate
efficient supply-chain management. They provide
stakeholders with access to timely product informa-
tion and allow the movement and status of products to
be monitored across various stages, from manufac-
turing and distribution to quality control, security, and
consumer interaction [16]. These technologies are
commonly

associated with tertiary packaging, including multi-
unit containers, pallets, large paperboard boxes, and
shipping crates. Among the different types of data
carriers, barcodes and radio-frequency identification
(RFID) tags are widely utilized. Their ability to iden-
tify products and support tracking and information
exchange makes them important components in the
development of intelligent packaging systems [17].

3.3 IoT-enabled Packaging :

The Internet of Things (IoT) has become an important
part of modern digital technologies, enabling physical
devices to communicate and exchange information
through connected networks. By linking hardware,
software, sensors, and cloud-based platforms, IoT
systems can collect, transmit, and process data with
limited human intervention. The interconnection of
digital devices has therefore created opportunities for
continuous monitoring and real-time information
exchange across different applications [18—19]An [oT
system may incorporate smart sensors, monitoring
devices, actuators, artificial intelligence
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(Al), and other data-processing technologies. These
components work together to collect information
from the surrounding environment and transmit it to
connected applications. A typical loT architecture
includes three major elements: smart devices, an IoT
application, and a graphical user interface. Smart
devices obtain data related to environmental condi-
tions, user activities, and patterns of use, which are

subsequently transferred to the IoT application for
processing. The application integrates information
received from multiple connected devices and pro-
vides services for data management and analysis. Al
and machine learning (ML) techniques can addition-
ally be applied to the collected data to identify pat-
terns and support data interpretation and decision-
making [20-21].
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Figure 2: Architecture of Smart & Connected Packaging System

The integration of IoT with pharmaceutical supply
chains has provided new approaches for monitoring
and tracing medicines during transportation and dis-
tribution. IoT systems can be combined with RFID
sensors, 2D barcodes, and smart labels to identify and
track drug shipments, trace high-value medicines, and
support verification of product authenticity. Singh et
al. [22] proposed an IoT sensor-based blockchain
framework for pharmaceutical supply chains that
enables medicines to be tracked and traced during
transportation. The framework also facilitates contin-
uous monitoring of temperature conditions, which is
particularly relevant for temperature-sensitive phar-
maceutical products, while blockchain-based data
management can support efforts to identify and pre-
vent counterfeit medicines from entering legitimate
distribution channels.

4. Authentication and Anti-Counterfeiting Tech-
nologies

Pharmaceutical authentication involves verifying the
identity and legitimacy of a medicinal product to

@
. 4
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determine whether it is genuine. This process is es-
sential for protecting patients, as counterfeit
medicines may pose significant risks to health and
therapeutic outcomes. The presence of incorrect, in-
adequate, or potentially harmful ingredients in coun-
terfeit products can result in unsuccessful treatment
and, in serious cases, may contribute to severe adverse
health effects or death [23,24]. To distinguish genuine
medicines from counterfeit products, manufacturers
may incorporate different authentication features into
the product or its packaging. These security features
are commonly categorized as overt or covert, based
on whether they can be detected directly by the user
or require specific techniques or equipment for veri-
fication.

4.1 QR and 2D Data Matrix Codes

QR codes are now commonly printed on product
packaging and labels, where they can provide users
with additional details about the product and its man-
ufacturer [25,26]. Based on how the encoded infor-
mation is managed, QR codes can be classified as
either static or dynamic. Once generated, a static QR
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code contains information that remains unchanged.
Dynamic QR codes, in contrast, allow the associated
information to be modified or updated without the
need to replace the printed code. This feature makes
dynamic codes useful when product information
needs to be updated over time.

Two-dimensional (2D) barcodes represent informa-
tion through a structured arrangement of dots,
squares, or other patterns within a two-dimensional
space. Their greater data-storage capacity compared
with conventional linear barcodes makes them suit-
able for applications involving product identification,
information retrieval, and tracking. The particular
arrangement of the encoded elements represents
product-specific information, which can be accessed
by different stakeholders throughout the supply chain.
Consequently, 2D barcode technology can support the
activities of manufacturers, suppliers, distributors,
retailers, and consumers. Common forms of 2D bar-
codes include PDF417, Data Matrix, and QR codes
[27]. Data Matrix codes, in particular, have applica-
tions in product identification as well as tracking and
tracing activities within supply-chain systems [28].

4.2 Radio Frequency Identification (RFID)

Radio-frequency identification (RFID) is widely used
for identifying products, monitoring inventory, and
improving traceability throughout the supply chain
[29]. RFID tags are mainly classified into two cate-
gories: passive and active. Passive tags do not contain
a built-in battery and obtain the energy needed for
data transmission from the radio-frequency signal
generated by the reader. Active tags, on the other
hand, contain an internal battery, allowing them to
operate over longer distances and, depending on the
system, support communication with readers or other
tags [30].RFID provides several practical advantages
compared with conventional barcode-based identifi-
cation. In particular, RFID tags can be detected with-
out requiring a direct line of sight between the tag and
reader, and multiple tags can be read at the same time.
Data can also be collected from a greater distance,
making RFID useful for automated identification and
inventory management [31]. In pharmaceutical appli-
cations, RFID tags can contain relevant medication
information, including the drug name, concentration,
volume, National Drug Code (NDC), and lot number.
The technology can therefore assist healthcare orga-
nizations in managing medication inventories and
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improving the reliability and safety of pharmaceutical
handling. Despite these benefits, the implementation
of RFID in healthcare can be limited by factors such
as the initial investment required, difficulties associ-
ated with handling and integrating large amounts of
data, and insufficient familiarity with the technology
among users [32].

4.3 Near Field Communication (NFC)

Near-field communication (NFC) is a wireless com-
munication technology designed for the exchange of
information over very short distances. Because com-
munication is possible only when compatible devices
are placed close to each other, NFC has become use-
ful in smart packaging applications, where NFC tags
can be incorporated into or placed on product pack-
ages. Consumers can use NFC-enabled smartphones
to read these tags and obtain product-related infor-
mation. Thus, NFC allows mobile phones and other
compatible devices to retrieve stored information
from NFC tags or interact with nearby NFC-enabled
devices [33]Smart Tags extend this concept by com-
bining electronic labels, NFC tags, and two-dimen-
sional (2D) barcodes with sensing and information-
processing capabilities. Depending on their design,
they can incorporate indicators, sensors, functional
inks, and other components for monitoring environ-
mental conditions. In addition, software-based func-
tions such as user information, machine vision, and
location tracking can be integrated into these systems.
The combination of sensing, digital information, and
connectivity enables Smart Tags to deliver context-
specific information and services to consumers while
also supporting communication with the Internet of
Things (IoT) [34].

4.4 Holograms

Holographic technology can offer enhanced security
by combining visible (overt) features with concealed
(covert) elements. The visual quality of holograms,
particularly their brightness, color, and contrast, can
be improved by adjusting particle size and incorpo-
rating graphene nanosheets into colloidal suspensions
to enhance the capture of scattered light. Recent
studies have further demonstrated that nanostructured
holograms can be directly printed onto edible films
prepared from corn syrup. Such findings indicate the
possibility of using holographic features in oral solid
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dosage forms, including film-coated tablets and cap-
sule shells, as an additional measure for product au-
thentication and security [35].

4.5 Security Inks

The pharmaceutical industry uses specialized inks as
security features that exhibit a visible color change
when viewed from different angles. Among these,
iridescent and thermochromic inks are commonly
used. Iridescent inks create a rainbow-like appear-
ance, with the observed colors changing as the view-
ing angle is altered. Some iridescent systems display
a gradual transition between multiple colors, produc-
ing a characteristic soap-bubble effect, while others

show a distinct change between colors, commonly
referred to as the flip-flop effect. In contrast, ther-
mochromic inks respond to variations in temperature
and undergo a reversible color change when exposed
to different thermal conditions [36].

Carbon dots have attracted attention for packaging
applications because of their favorable functional
properties. However, achieving large-scale produc-
tion with consistent particle size and quality remains
a significant challenge [37]. In addition, prolonged
exposure to ultraviolet (UV) radiation can reduce their
fluorescence, which may limit their durability and
long-term use in certain packaging environments [38].

Table. Authentication and Anti-Counterfeiting Technologies

Technology Principle Role Application Reference
QR and ZD barcode.s enche prod- Support product .
uct-related information using struc- | . . . Product packaging,
identification, . .
tured patterns of dots, squares, or information ac- product identifica-
QR and 2D Data Ma- other elements. Static QR codes . tion, information
. . . . cess, tracking, . [25-28]
trix Codes retain fixed information, whereas ., retrieval, and sup-
. . | and traceability . .
dynamic QR codes allow the associ- ply-chain tracking
. . . across the sup- .
ated information to be updated with- . and tracing.
. . ply chain.
out replacing the printed code.
RFID uses electronic tags and radio- | Enables product
frequency communication for prod- | identification, Pharmaceutical
uct identification and data collec- | inventory man- | inventory manage-
. tion. Passive tags obtain energy agement, medi- | ment, medication
Radio Frequency . . . . . .
. . from the reader, while active tags cation identification, [29-32]
Identification (RFID) . . N .
contain an internal battery. Tags can | monitoring, and | healthcare organi-
be detected without direct line-of- | improved phar- | zations, and supply-
sight and multiple tags can be read | maceutical han- | chain monitoring.
simultaneously. dling and safety.
NFC enables wireless exchange of | Facilitates ac-
information over short distances. cess to product | Smart packaging,
NFC tags placed on product packag- | information and | product information
Near Field Communi- | P& can be read using compatible .supports sens- systems? Smart
cation (NFC) devices such as smartphones. Smart | ing, information | Tags, environmen- [33,34]
Tags can additionally combine NFC, | processing, con- | tal monitoring, and
2D barcodes, sensors, indicators, text-specific | IoT-related applica-
functional inks, and software-based services, and tions.
information processing. IoT connectivity
Holographic security features incor- Provide an addi-
tional security .
porate overt and covert elements. . Oral solid dosage
. . L and authentica-
Their optical characteristics, includ- | . forms, film-coated
. . tion feature for
Holograms ing brightness, color, and contrast, . tablets, capsule [35]
. distinguishing
can be enhanced through particle- . shells, and pharma-
. R genuine prod- . .
size optimization and the use of ceutical packaging.
raphene nanosheets ucts from coun-
& ) terfeit products.
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Technology Principle Role Application Reference
Iridescent inks produce color
changes with viewing angle, includ-
ing gradual multicolor or flip-flop | Provide visible .
effects, whereas thermochromic inks | security features Phall‘(mafzeutlcal
. undergo reversible color changes in | for product au- packaging an d
Security Inks . other packaging- [36-38]
response to temperature. Carbon | thentication and based security ap-
dots also show potential for packag- | counterfeit de- plications
ing applications, although produc- tection. )
tion consistency and UV stability
remain challenges.

5.Traceability and Digital Supply-Chain Tech-
nologies

Pharmaceutical supply chains are a key area where
traceability plays an important role, as medicines pass
through several interconnected stages from manufac-
turing to distribution and, ultimately, to the patient.
The complexity of these processes makes effective
monitoring essential for maintaining the safety, qual-
ity, and authenticity of pharmaceutical products. In
response to concerns such as counterfeit and suspect
medicines, regulatory frameworks have increasingly
focused on systems that enable product traceability,
authentication, and timely action. Such systems help
stakeholders verify the legitimacy of medicines and
facilitate the identification and removal of potentially
harmful products from authorized distribution chan-
nels [39—40].

The International Organization for Standardization
(ISO) describes traceability as “the ability to follow
the movement of products through specified stage (s)
of production, processing, and distribution” [41].
Within pharmaceutical supply chains, traceability
systems generally rely on unique identification codes
assigned to individual medicines. As reported by
Bansal et al. [42], these identifiers are introduced at
an early point in the supply chain and remain associ-
ated with the product as it moves through subsequent
stages. Preserving this unique identity until the
medicine reaches the final consumer allows its
movement to be monitored throughout the supply
chain, thereby improving product visibility, trace-
ability, and accountability.

5.1 Serialization:

Serialization involves assigning a distinct identifica-
tion code to each individual pharmaceutical product,
followed by encoding and verification of that identity
[43]. Without unit-level serialization, product au-
thentication is largely dependent on the lot or batch
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number, which may correspond to a large number of
bottles produced under the same batch. Consequently,
it is not possible to reliably confirm the authenticity
of each individual bottle within that batch [44]. The
use of serialization together with track-and-trace sys-
tems allows individual medicines to be followed
throughout the various stages of the pharmaceutical
supply chain. It also makes it possible to identify
specific products affected by a quality or safety issue,
enabling more targeted and efficient recalls when
necessary [45].

5.2 Track-and-Trace Systems

A track-and-trace system assigns a unique identifica-
tion code to each pharmaceutical product during
manufacturing and maintains this identity throughout
its journey across the supply chain until it reaches the
end user. Product information is linked to the indi-
vidual package through specific coding, which en-
ables authorized personnel to retrieve and verify the
relevant details from a secure database [46].

Pharmaceutical track-and-trace systems (PTTSs) can
help in the detection and control of falsified medicines
within the supply chain. When the unique code on a
medicine is scanned, the information associated with
that product can be compared with records held in a
centralized database to confirm its authenticity. In
addition to product verification, these systems can
provide important information such as the expiry date,
recall status, and alerts concerning suspected coun-
terfeit or falsified medicines [47-48].

Tracking and tracing are closely related processes
used to monitor the movement and history of phar-
maceutical products. Tracking involves following a
product from its place of origin as it moves toward its
current or subsequent location, whereas tracing in-
volves examining its history backward to identify its
origin. Both processes depend on a reliable identifi-
cation system that allows individual products to be
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distinguished throughout the supply chain. In the
pharmaceutical industry, effective traceability can
support pharmacovigilance by enabling the rapid and
accurate identification of medicines, manufacturers,
and specific batches that may be associated with ad-
verse drug reactions [49].

5.3 Block chain Technology

Blockchain technology has increasingly been ex-
plored as a means of enabling secure and reliable
information exchange. It consists of a distributed
record in which data or transactions are stored with
associated time information across a network of
computers. Once recorded, the information is de-
signed to be resistant to unauthorized modification. In
contrast to traditional centralized databases,
blockchain distributes the maintenance of records
among multiple participants rather than relying on a
single controlling organization [50]. This decentral-
ized approach can facilitate information sharing while
limiting the likelihood of data being altered without
detection [51.

A key feature of blockchain is its ability to make
unauthorized modifications to recorded information
more readily identifiable, as copies of the relevant
records are maintained across the participating mem-
bers of the supply chain [52]. This can enhance the
integrity and transparency of information exchanged
between authorized stakeholders. In pharmaceutical
supply chain (PSC) management, blockchain has been
investigated for its potential to improve the reliability
and consistency of shared data and to support mea-
sures aimed at limiting the circulation of counterfeit
medicines [53]. When blockchain is integrated with
traceability technologies, it can further enhance the
visibility of pharmaceutical products throughout the
supply chain, allowing their movement and interac-
tions between different supply-chain participants to
be monitored in a more structured and transparent
manner.
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5.4 Cloud and IoT Integration

The Internet of Things (IoT) has become an important
technology in industrial applications and offers sev-
eral opportunities to improve supply chain manage-
ment (SCM). IoT connects physical devices and
objects through Internet-based sensing technologies,
including radio-frequency identification (RFID) [54].
In pharmaceutical supply chains, IoT can be inte-
grated with 2D barcodes and smart labels to monitor
drug shipments, track high-value medicines, and sup-
port product authentication. Singh et al. [55] proposed
an IoT sensor-based blockchain system for tracking
medicines during transportation. The system also
enables continuous temperature monitoring, which is
important for maintaining the quality of temperature-
sensitive medicines and reducing the possibility of
counterfeit products entering legitimate supply chan-
nels.

Cloud computing can further enhance loT-based
SCM by providing facilities for storing, managing,
and processing the large volumes of data generated by
connected sensors. It can also support inventory
management and analysis of sensor-derived informa-
tion. The authors in [56] used a centralized cloud
database to store dynamic data collected from sensors
together with static information obtained from actual
cold-chain operations.

Similarly, the authors in [57] proposed a reference
architecture for an IoT-based logistics information
system for agri-food supply chains. Their smart lo-
gistics cloud platform supports data storage and pro-
cessing for activities such as event management,
product labeling and registration, product recalls, and
quality forecasting based on sensor-generated infor-
mation. The integration of [oT and cloud technologies
can therefore support continuous monitoring, efficient
data management, and improved coordination across
complex supply-chain operations.
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6. Product Protection Technologies
6.1 Tamper-Evident Packaging

Tamper-evident packaging is designed to provide
clear evidence if a package has been opened, dam-
aged, or interfered with without authorization. Dif-
ferent types of tamper-evident packaging approaches
can be used to protect pharmaceutical products, in-
cluding the following:

a) Film wrappers

Film wrappers use a transparent film with a specific
pattern or design that is firmly applied around the
product or its container. The film has to be cut or torn
to access the contents, making any opening attempt
visible. Different materials can be used for these
wrappers, such as ultra-destructible films and void
films, which display a particular pattern, image, or
message when removed. Solvent-sensitive papers
may also be incorporated into these packaging sys-
tems.

b) Shrink seals and bands

Shrink seals and bands are placed over the connection
between a container and its closure. The material
contracts around the package when exposed to heat or
drying, creating a tight seal. Opening the container
requires the band to be cut or torn, providing visible
evidence that the package has been disturbed.

c¢) Breakable caps
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Breakable caps are designed to undergo visible phys-
ical damage when the container is opened. The
breakage provides an immediate indication that the
original closure has been disturbed. These caps can
also be combined with an additional inner seal, pro-
viding two separate protective features within the
same package.

d) Sealed tubes

Sealed tubes have an opening that is protected by an
initial seal. The seal must be punctured or broken
before the contents can be removed. Any damage to
the original seal can therefore indicate that the tube
has previously been opened or tampered with [58].

6.2 Tamper-Resistant Packaging

Tamper-resistant packaging (TRP) is used for over-
the-counter (OTC) medicines to provide an additional
level of protection and help preserve the safety and
effectiveness of the product. Such packaging is de-
signed to discourage unauthorized interference and to
make it easier for consumers to identify whether the
package has been disturbed or compromised. A TRP
system may include one or more protective barriers or
features that have a recognizable characteristic, such
as a distinctive pattern, name, trademark, logo, or
image. These features can be incorporated into the
primary container and its closure, the secondary con-
tainer or carton, or both. The overall packaging sys-
tem should allow any loss of package integrity to be
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readily noticed. The protective feature should also
remain functional under normal conditions associated
with manufacturing, handling, transportation, distri-
bution, and retail display. In addition, the package
should include clear labeling that explains the partic-
ular tamper-resistant feature used, enabling con-
sumers to recognize and assess the integrity of the
package [59].

6.3 Barrier Packaging

The barrier performance of pharmaceutical packaging
against oxygen, moisture, and light is a critical factor
in maintaining the quality, stability, and safety of
medicines [60]. Inadequate protection from these
environmental factors can accelerate drug degrada-
tion, reduce therapeutic effectiveness, and promote
the formation of unwanted degradation products.
Therefore, packaging materials should be carefully
selected based on the specific stability requirements
and environmental sensitivities of the pharmaceutical
product.Vitamin C is particularly vulnerable to oxi-
dation because of its strong reducing activity. When
vitamin C tablets are packed in conventional plastic
containers, oxygen can gradually permeate through
the packaging material and oxidize vitamin C to de-
hydroascorbic acid. Further degradation of this com-
pound may result in the formation of products such as
2,3-diketogulonic acid. Consequently, packaging with
sufficient oxygen-barrier properties is necessary to
minimize oxidative degradation and maintain the
stability of vitamin C tablets [61].Moisture protection
is equally important for pharmaceutical products that
are sensitive to humidity. Aspirin, for instance, can
undergo hydrolysis in the presence of moisture, re-
sulting in the formation of salicylic acid and acetic
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acid. If the packaging material provides inadequate
resistance to water vapor, moisture can enter the
package and be absorbed by enteric-coated aspirin
tablets. This increased exposure to humidity may
accelerate hydrolysis and adversely affect the stability
of the product [62].Protection from light is also es-
sential for photosensitive pharmaceutical products.
Prolonged exposure to light may initiate degradation
reactions and reduce product stability. Chlorpro-
mazine tablets, for example, are sensitive to light and
therefore require appropriate packaging materials that
can effectively restrict light exposure and help main-
tain their quality throughout storage [63].

6.4 Active Packaging

Active packaging is a modern packaging technology
in which functional substances are incorporated into
the packaging material to interact with the packaged
product or the surrounding environment. Depending
on their function, these substances can either release
desirable compounds or remove unwanted sub-
stances, helping to maintain product quality and ex-
tend its shelf life [64].

Different types of active components can be incorpo-
rated into packaging systems according to the specific
protection required. These include oxygen scav-
engers, which help minimize oxidative deterioration;
ethylene scavengers, which can regulate processes
associated with product ripening; flavor and odor
absorbers or releasers, which help maintain sensory
properties; antimicrobial agents, which restrict mi-
crobial growth; and antioxidants, which provide ad-
ditional protection against oxidation [65].
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Figure 4: Product Protection Technologies in Pharmaceutical Packaging

7. Intelligent Packaging and Product Monitoring
7.1 Time-Temperature Indicators

Time—temperature indicators (TTIs) are devices used
to monitor the combined effect of temperature and
exposure time on a product. In visual TTI systems,
changes in temperature produce a visible color re-
sponse, allowing the thermal history of the product to
be assessed. Depending on their design, TTIs may
operate through different mechanisms, including en-
zymatic reactions, polymerization, or chemical diffu-
sion. They are particularly useful during the
transportation and storage of pharmaceutical prod-
ucts, as they provide a straightforward visual indica-
tion when the product has been subjected to
unfavorable temperature conditions [66].The practical
application of TTIs is supported by their relatively
simple design, ease of use, and low cost. However,
conventional TTI systems have some limitations, as
they generally cannot provide continuous temperature
measurements or transmit recorded temperature in-
formation for subsequent analysis.RFID technology
offers a more advanced method for product identifi-
cation and traceability. An RFID system typically
includes a tag containing a microchip and antenna,
along with a reader that uses radio-frequency signals
to obtain information stored on the tag. The retrieved
information can then be transferred to a computer
system for processing, storage, and analysis. In addi-
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tion to identifying individual products, RFID tech-
nology can facilitate real-time monitoring, record
temperature conditions over prolonged periods, and
incorporate sensing capabilities. These features make
RFID systems valuable for monitoring temperature-
sensitive pharmaceutical products throughout differ-
ent stages of the supply chain [67].

7.2 Chemical/Biosensors

The incorporation of biosensors into intelligent pack-
aging has attracted considerable attention as a useful
sensor-based approach for monitoring changes in
packaged products. The main difference between
chemical sensors and biosensors is related to the na-
ture of their recognition elements. Chemical sensors
generally use a selective layer that interacts with a
particular chemical compound, whereas biosensors
employ biological recognition components, including
enzymes, antigens, nucleic acids, and hormones, to
identify specific targets.

Biosensors function by detecting biological reactions
or other changes that may occur within the packaged
product. Depending on the intended application, the
sensing element can either be integrated into the
packaging structure or placed inside the package to
facilitate direct monitoring of the product condition.
A typical biosensor comprises a biological receptor
coupled with a transducer. The biological receptor
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provides the required specificity by recognizing tar-
gets such as microorganisms, enzymes, antigens,
hormones, or other microbiological changes associ-
ated with product quality. Once the target is recog-
nized, the resulting biological response is converted
by the transducer into an electrical signal. This signal
can then be measured and interpreted to provide in-
formation about changes occurring in the packaged
product [68,69].

7.3 Indicator-Based Packaging

Indicators are responsive components placed inside or
outside a package to monitor changes in the packag-
ing environment. Depending on their type, they may
show changes in color, color intensity, or dye disper-
sion. These visible responses provide qualitative or
semi-quantitative information about the quality,
freshness, and condition of the packaged product
[70,71].

a) Gas Leakage/Concentration Indicators

These indicators are used to assess package integrity
by detecting changes in gases such as carbon dioxide

without opening or damaging the package. Gas leak-
age can alter the internal atmosphere and create con-
ditions favorable for microbial growth. Therefore,
these indicators can help identify possible leakage and
loss of package integrity.

b) Microbial Growth Indicators

Microbial growth indicators respond to metabolites
produced during microbial activity. Their response
can provide an indication of the presence or possible
growth of microorganisms in the packaged product.

¢) Freshness Indicators

Freshness indicators assess product freshness through
visible color changes or differences in color intensity.
These changes may result from microbial growth or
chemical deterioration. Microbiological quality can
be monitored through reactions between indicators
and microbial metabolites, including organic acids,
ethanol, volatile nitrogen compounds, biogenic
amines, carbon dioxide, glucose, and sulfur com-
pounds [68,69].

8. Advantages of Next-Generation Pharmaceutical
Packaging Technologies

Table 2: Advantages of Next-Generation Pharmaceutical Packaging Technologies

Technology Benefit Advantages Reference
* Monitors product quality and safety
. Monitors changes in the * Enables tracking and tracing throughout the
Smart packaging product and its environment product lifecycle [14.15]
* Provides information about product condition
* Tracks product status across the supply chain
. * Supports production and distribution manage-
Connected packag- | Manages product informa- ment [16.17]
ing tion across the supply chain . . ’
* Supports quality assurance and security
* Enables consumer engagement
* Collects and transmits data in real time
. o Ivsi
IoT-enabled pack- | Collects and securely trans- Supports momtormg .and datg anatysis
. . * Supports decision-making [18-22]
aging mits data . .
* Can be used for drug shipment tracking and au-
thenticity validation
Generates, encodes, and * Enables authentication of individual items
Serialization verifies the unique identity * Supports tracking through the supply chain [43-45]
of individual physical items » Facilitates targeted product recall
* Makes stored information difficult to adulterate
Blockchain tech- | Enables secure sharing of " Supports con51st.ent and r.ehable supply-chain
. ) information [50-53]
nology information -
* Supports traceability
* Can help prevent counterfeit medicines
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Technology Benefit Advantages Reference
* Provides visible evidence of package interfer-
. . ence
. Provides evidence of unau- . . .
Tamper-evident . . . * Film wrappers provide tamper evidence
. thorized opening or inter- . o . [58]
packaging ference * Shrink seals and bands indicate opening
* Breakable caps and sealed tubes provide addi-
tional package security
* Helps maintain medication quality and safety
. . Protects against oxygen * Protects stability-sensitive products
Barrier packagin SO . ) 60-63
packaging water vapor, and light * Reduces environmental effects on pharmaceuti- [ ]
cal products
* Supports product quality and shelf life
* Uses oxygen scavengers
. . Rel - o . .y
Active packaging cleases or absgrbs sub * Uses antimicrobials and antioxidants [64-65]
stances to sustain quality .
*Can.use.absorbers/releasers for specific sub-
stances
. . * Simple structure
. Indicate cumulative expo-
Time—temperature * Low cost
. surr to temperature over . . o . [66]
indicators (TTIs) time * Provides visual indication of temperature history
* Helps monitor unsuitable temperature exposure
* Can be incorporated into packaging
. . . . . itor biological ti
Chemical/Biosen- | Monitor and detect chemi- . Can monitor blo. Ogl(%a ree'lc ons
: . * Biosensors can recognize biological materials [68-69]
sors cal or biological changes > : ; .
* Transducers convert biological signals into elec-
trical signals

10. Future perspectives

Pharmaceutical packaging is expected to evolve to-
ward smarter, more connected, and environmentally
responsible solutions. The use of artificial intelligence
and other emerging technologies may enable the de-
velopment of packaging systems that can perform
monitoring and other functions with greater automa-
tion. In parallel, sensors and connected devices may
provide better access to information about pharma-
ceutical products and support continuous monitoring
across different stages of the supply chain.

Environmental sustainability is likely to remain a
major consideration in future packaging development.
Greater attention may be given to reducing the amount
of packaging material, improving recyclability, and
using materials with a lower environmental impact,
while still providing adequate protection to the phar-
maceutical product. Evaluating the environmental
effects of packaging throughout its life cycle may also
help guide the selection and design of more sustain-
able packaging systems. However, the adoption of
these technologies will depend on several practical

factors, including affordability, scalability, manufac-
turing requirements, and regulatory compliance. Bal-
ancing

technological advancement with these
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considerations will be essential for the broader im-
plementation of next-generation pharmaceutical
packaging systems [72].

CONCLUSION

Pharmaceutical packaging is gradually moving be-
yond its traditional function of containing and pro-
tecting medicines. Modern packaging can now
incorporate features that support authentication,
traceability, product monitoring, and communication.
Technologies such as smart packaging, RFID, NFC,
serialization, track-and-trace systems, blockchain,
sensors, indicators, tamper-evident features, and ad-
vanced barrier materials can be applied at different
stages of the pharmaceutical product lifecycle. Com-
bining several of these technologies within a single
integrated packaging system may provide broader
protection and functionality than relying on one tech-
nology alone.

Further research and development should focus on the
practical challenges associated with the implementa-
tion of these technologies. Key considerations include
cost, scalability, interoperability, cybersecurity, regu-
latory compliance, and validation according to the
requirements of individual pharmaceutical products.
Successful implementation will also depend on how
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effectively these technologies can be incorporated
into existing packaging operations and pharmaceuti-
cal supply-chain systems. With appropriate integra-
tion, proper validation, and sufficient supporting
evidence, next-generation pharmaceutical packaging
may improve product integrity, enhance visibility
throughout the supply chain, and provide additional

support for maintaining pharmaceutical quality and
patient safety.
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