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Abstract - Healthcare supply chains are complex, often
leading to issues like limited data provenance, lack of
transparency, and the proliferation of counterfeit drugs,
which harm public health and the economy. Current
centralized track-and-trace systems face challenges with
data privacy and authenticity. This work proposes a
blockchain-based solution using smart contracts and
decentralized off-chain storage to enhance traceability,
ensure data security, and eliminate intermediaries. The
system’s architecture, algorithms, and performance are
analyzed through testing, validation, and a cost-security
evaluation, highlighting its effectiveness in combating
counterfeits in the pharmaceutical supply chain.
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1.INTRODUCTION

The healthcare supply chain comprises a network of
independent entities, including raw material suppliers,
manufacturers, distributors, pharmacies, hospitals, and
patients. Managing and tracking supplies through this
network is challenging due to issues such as limited
information sharing, centralized control, and conflicting
interests among stakeholders. This complexity often leads
to inefficiencies, as seen during the COVID-19 pandemic,
and increases the risk of counterfeit drugs infiltrating the
supply chain.

Counterfeit drugs are intentionally fabricated or
mislabeled products designed to mimic genuine
medications. These may lack active pharmaceutical

ingredients (API), contain incorrect quantities of API, use
low-quality or incorrect APIs, or include contaminants.
Some counterfeit drugs are expired products repackaged
to appear new or are manufactured under unsafe
conditions. They pose significant health risks, particularly
in developing countries, where they account for up to 30%
of drugs sold. Counterfeit drugs are a major cause of
deaths, especially among children, and they also result in
significant financial losses, with the U.S. pharmaceutical
industry alone incurring approximately $200 billion in
annual losses.

A typical drug supply chain begins with API suppliers
delivering raw materials for manufacturing approved
drugs. These drugs are then packaged into batches by
manufacturers or repackagers. Distributors handle the
distribution of these batches to pharmacies or secondary
distributors based on demand. Pharmacies dispense the
drugs to patients based on prescriptions. Third-party
logistics providers or distributor-owned fleets typically
handle transportation. However, the complex structure of
this supply chain makes it easier for counterfeit drugs to
infiltrate, as gaps in documentation and monitoring allow
for minimal traceability.

Ensuring traceability within the pharmaceutical supply
chain is essential for combating counterfeit drugs. Many
countries now emphasize and mandate drug traceability
systems. For example, the U.S. Drug Supply Chain Security
Act requires the development of interoperable systems to
monitor prescription drugs. Similarly, China has
implemented regulations requiring stakeholders to log all
transactions related to pharmaceutical products in
specialized systems. These initiatives aim to verify
product authenticity and establish a comprehensive chain
of custody for medications.

Blockchain technology provides an innovative approach to
enhancing traceability in the pharmaceutical supply chain.
It allows for secure, tamper-proof data storage and
transaction validation through decentralized networks.
Blockchain applications are widely used across various
fields, including the Internet of Things, e-governance, and
document management. By leveraging cryptographic
methods and distributed ledgers, blockchain ensures data
integrity and minimizes the possibility of record
tampering.
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Figl1 : Drug Supply Chain Stakeholders and Their
Relationships

A blockchain-based system for drug traceability addresses
key challenges by integrating all stakeholders, such as
regulatory authorities, suppliers, manufacturers,
distributors, pharmacies, and patients. This end-to-end
solution not only establishes clear relationships among
stakeholders but also utilizes smart contracts to automate
processes, reducing manual intervention and delays. Each
drug batch is assigned a unique smart contract to track
changes in ownership and provide real-time updates. This
approach ensures effective monitoring, enhances
traceability, and minimizes the risk of counterfeit drugs
reaching patients.

2. RELATED WORKS

The adoption of blockchain technology within the
pharmaceutical industry, particularly for drug traceability
systems, has attracted considerable interest from both
researchers and industry players. This section outlines
existing literature, case studies, and initiatives that have
investigated the role of blockchain in improving
transparency, traceability, and security in pharmaceutical
supply chains.

1. Blockchain Technology in Healthcare:

Extensive research has explored the potential of
blockchain technology in healthcare, emphasizing its
ability to address critical challenges related to data
security, interoperability, and privacy. Proposed use cases
include managing electronic health records (EHRs),
enhancing clinical trial transparency, optimizing supply
chain processes, and tracking prescription drugs. For
instance, blockchain enables tamper-proof and
decentralized records, ensuring that sensitive patient
information is protected while facilitating seamless data
sharing between healthcare providers. Emerging solutions
also leverage smart contracts for automated compliance
and real-time  tracking,  significantly = reducing
administrative bottlenecks.

2. Challenges in Pharmaceutical Supply Chains:

The pharmaceutical supply chain faces numerous
challenges, including the infiltration of counterfeit drugs,
diversion of products, regulatory compliance hurdles, and
inefficient data sharing among stakeholders. These issues
not only compromise patient safety but also impact the
pharmaceutical industry’s economic stability. Literature
highlights the urgency of integrating advanced
technologies like blockchain to ensure better visibility,
improve traceability, and establish secure, real-time
communication channels across the supply chain.
Furthermore, blockchain's ability to create an immutable
and transparent record of transactions can help address
the trust deficits often found among stakeholders.

3. Blockchain-Based Drug Tracing Initiatives:

Several pilot projects and initiatives have demonstrated
the feasibility of blockchain for drug tracing. Notable
among them is the MediLedger Project, which seeks to
create a secure and interoperable platform to verify the
authenticity of pharmaceutical products. Launched by
Chronicled Inc, this initiative leverages blockchain
technology to meet regulatory requirements and enhance
supply chain integrity. Similarly, the IBM Blockchain
Platform, in collaboration with leading pharmaceutical
companies, has focused on reducing counterfeit drugs and
improving supply chain visibility. These initiatives
illustrate blockchain's capability to enforce transparency
and accountability while addressing critical gaps in drug
traceability. Additionally, projects like VeChain Thor have
introduced unique solutions wusing blockchain's
capabilities for secure product verification and end-to-end
tracking.

4. Regulatory Considerations and Industry Standards:

Regulatory bodies such as the U.S. Food and Drug
Administration (FDA) and the European Medicines Agency
(EMA) acknowledge the transformative potential of
blockchain technology in pharmaceutical supply chains.
However, challenges persist concerning data privacy,
regulatory compliance, and the need for universal
standards for blockchain integration. Researchers
emphasize the necessity of involving regulatory
authorities and stakeholders to co-develop guidelines that
address these concerns. For instance, the implementation
of blockchain under frameworks like the U.S. Drug Supply
Chain Security Act (DSCSA) exemplifies efforts to align
technological advancements with compliance needs.
Furthermore, developing global standards for blockchain
adoption can harmonize efforts across borders, reducing
fragmentation in  pharmaceutical supply chain
management.
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5. Additional Insights into Blockchain in Pharmaceutical
Supply Chains

Beyond drug traceability, blockchain holds significant
promise for enhancing other areas within the
pharmaceutical supply chain. It can improve inventory
management, optimize demand forecasting, and address
issues such as drug shortages. By integrating blockchain
with Internet of Things (IoT) devices, stakeholders can
achieve real-time monitoring of drug shipments, including
critical parameters like temperature and humidity,
ensuring that products meet storage and transportation
standards.  Additionally, data collected through
blockchain-based systems can be analyzed to predict

market trends, facilitating better resource allocation and
minimizing product wastage.

As the blockchain ecosystem continues to mature, its
convergence with emerging technologies such as artificial
intelligence (AI) and cloud computing is expected to
unlock new capabilities for the pharmaceutical industry.
Al can be leveraged to analyze blockchain data for
predictive insights, while cloud computing can provide
scalable solutions for decentralized ledger storage, further
enhancing the efficiency and security of supply chain
management. These integrations promise to create more
resilient, transparent, and cost-effective supply chains,
reducing risks associated with counterfeit drugs and

ensuring better patient outcomes.

Table 1. Comparative Analysis

Paper Approach Methodology Results Limitations
Ethereum Utilized smart contracts for
drug tracking across Enhanced transparency and|High computational cost, scalability

Musamih et al. (2021)

Blockchain for
Drug Traceability

stakeholders in the supply
chain

authentication of drug transactions

limitations

Shweta et al. (2022)

Blockchain with
Decentralized
Storage

Used Ethereum blockchain
with off-chain storage to
ensure efficient product
traceability

Improved data provenance and
minimized the need for
intermediaries

Relies heavily on blockchain for secure
data storage, high initial setup cost

Bianconi et al. (2023)

Systematic
Literature Review

Reviewed blockchain
applications for drug
traceability and healthcare

Found high potential for counterfeit
drug prevention using blockchain,
especially via smart contracts

Few real-world implementations; mostly
conceptual or simulation-based studies

Wang, Chen & Yan (2022)

IoT and
Blockchain
Integration

Combined IoT with
blockchain to monitor drug
environmental conditions
during transit

Provided real-time visibility on
drug status throughout the supply
chain

High setup costs for IoT devices, potential
data privacy issues

Swapnil et al. (2021)

Blockchain for
Traceability and
Privacy

Employed Ethereum and
smart contracts for
traceability in drug supply
chains

Enhanced traceability and reduced
the chance of counterfeit drugs
entering the market

Scalability issues due to blockchain’s
limitations, dependency on Ethereum
network

Take, Mane, & Bendre (2021)

Drugledger for
Drug Traceability

Designed “Drugledger” for
secure tracking with UTXO0
structure

Ensured authenticity and privacy of]
drug information in the supply|
chain

High storage requirements; UTXO data
structure can be costly

Zhao et al. (2023)

Low-Cost
Blockchain Model

Developed a blockchain
model for low-resource
settings to combat

counterfeit drugs

Enabled secure traceability with
minimal infrastructure
requirements

Limited scalability; infrastructure
challenges in low-resource areas

3.METHODOLOGIES AND APPROACHES

Research by Musamih and others demonstrated the use
of Ethereum-based smart contracts to create tamper-
proof records of drug transactions. By implementing
blockchain  protocols, these systems  offered
decentralized storage and real-time traceability without

intermediaries, enabling stakeholders such as suppliers,
manufacturers, and distributors to track drug status
securely. Studies noted, however, that Ethereum’s
computational costs and the complexity of decentralized
systems posed significant challenges to scalability in
larger networks.
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Studies by Wang and colleagues integrated IoT
technology with blockchain to monitor environmental
factors (e.g., temperature, humidity) that could impact
drug efficacy. IoT devices collected data throughout
transport stages, while blockchain provided a secure,
immutable ledger for these conditions. This approach
proved particularly useful for temperature-sensitive
medications, ensuring that all environmental data was
logged accurately for quality assurance. Despite the
benefits, authors noted that integrating [oT systems with
blockchain increased infrastructure costs and raised
privacy concerns due to the extensive data generated.

Work by Patel and Desai focused on the application of
blockchain for unique drug serialization, enhancing
traceability by assigning each drug a unique code stored
in a decentralized ledger. This serialization approach
provided stakeholders—like regulatory agencies,
distributors, and healthcare providers—with a method to
verify each drug unit’'s origin, authenticity, and status.
Studies showed that blockchain serialization reduced
risks of counterfeit drugs entering the supply chain, but
required a stable network connection, increasing costs
and complexity, especially in remote or low-resource
regions.

Zhao et al. proposed a simplified, cost-effective
blockchain model for use in resource-limited settings.
Targeting countries where high-tech infrastructure might
be lacking, the model enabled traceability through a
streamlined blockchain structure that minimized energy
and storage requirements. While this model provided a
feasible solution for improving drug traceability in low-
resource areas, its scalability was limited compared to
more robust blockchain frameworks, highlighting the
trade-off between affordability and comprehensive
functionality.

4.KEY FINDINGS

Across studies, blockchain’s decentralized ledger proved
crucial in improving transparency and traceability within
the supply chain. Researchers noted that blockchain’s
immutability and access control features minimized
counterfeiting risks, offering stakeholders secure access
to verified data. In systems like “Drugledger” by Take et
al,, blockchain’s enhanced data integrity allowed for end-
to-end tracking without compromising privacy, as data
was cryptographically secured.

Authors highlighted blockchain’s ability to decentralize
data control, ensuring that no single party could
unilaterally alter records. However, they also cautioned
that blockchain systems require careful planning to
manage privacy and compliance with data protection
regulations. Integration with additional security layers,
such as encryption and off-chain storage, was suggested

as a means to safeguard patient information and maintain
compliance with standards like HIPAA.

Several studies, including those by Bianconi et al,
identified cost and scalability as major obstacles for
blockchain adoption in healthcare supply chains.
Ethereum-based models, though secure, incurred
significant operational costs, which could be prohibitive in
large-scale or lower-income settings. To counteract this,
researchers advocated for hybrid blockchain frameworks
that could integrate both on-chain and off-chain storage,
reducing the processing load while maintaining essential
data on the blockchain.

Authors such as Brown and colleagues emphasized that
while blockchain offers a secure foundation for
traceability, the industry must address interoperability to
maximize its potential. Compatibility with existing
systems—such as electronic medical records (EMRs) and
logistics software—is crucial for a seamless supply chain.
Studies suggested implementing blockchain in a modular
fashion, allowing various stakeholders to adopt the
technology incrementally while ensuring compatibility
with existing IT systems.

5.CHALLANGES AND FUTURE DIRECTIONS

Implementation challenges like high energy consumption,
complex regulatory landscapes, and the technical
knowledge required to manage blockchain systems were
frequently cited. Authors suggested that further research
into more energy-efficient consensus algorithms, such as
Proof of Stake (PoS), could help reduce blockchain’s
environmental impact. In terms of regulation,
collaboration between pharmaceutical companies and
policymakers will be essential to develop blockchain
solutions that align with existing legal frameworks.

Scalability remains a key challenge, especially as
blockchain systems grow to support global supply chains.
Integrating solutions like layer-2 scaling and sidechains
were proposed as methods to improve performance.
Additionally, making blockchain-based traceability
accessible to all supply chain stakeholders—especially in
resource-limited settings—will require lightweight,
adaptable models that can function without extensive
infrastructure investments.

6. BLOCKCHAIN IN HEALTHCARE SUPPLY CHAIN

Blockchain’s primary advantage lies in its ability to create
an immutable ledger where all transactions are recorded
and time-stamped, ensuring that no data can be altered
once it has been added. In the context of healthcare, this
feature is particularly useful for tracking the provenance
of drugs and other medical products as they move from
manufacturers to end-users. Several studies have
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explored how blockchain can address the challenges of
data security and integrity in healthcare supply chains.

Blockchain  enhances transparency by allowing
stakeholders to access a shared, tamper-proof record of
transactions. This is particularly valuable in the
pharmaceutical sector, where the movement of drugs
needs to be securely tracked to prevent counterfeiting. A
study by researchers in 2021 highlighted how blockchain
can be used to create a transparent tracking system that
allows consumers and healthcare providers to verify the
authenticity of pharmaceutical products (Musamih et al.,
2021).

Counterfeit drugs pose a serious risk to patient safety
and public health. Blockchain’s traceability capabilities
can help eliminate the chances of counterfeit drugs
entering the supply chain by allowing each drug unit to
be tracked from production to distribution. For instance,
a system that assigns a unique identifier to each drug
batch stored on the blockchain could ensure that any
tampering or unauthorized distribution is detected
immediately.

Smart contracts, which are self-executing contracts
where the terms of the agreement are written directly
into lines of code, are increasingly being used in
blockchain-based solutions. These contracts
automatically enforce and execute transactions once
predefined conditions are met. In healthcare supply
chains, smart contracts can automate processes like drug
distribution or payment processing, reducing delays and
human errors.

Blockchain’s ability to provide real-time data access
means that all supply chain participants can monitor the
status of products throughout the distribution process.
Real-time access to data on inventory, shipping, and
transaction details ensures that stakeholders can make
informed decisions and maintain continuous oversight of
the products in the system. This is especially important in
managing temperature-sensitive medications and
ensuring regulatory compliance.

7. CHALLANGES IN
IMPLEMENTATION

BLOCKCHAIN

One of the main issues with blockchain adoption in large-
scale supply chains is its scalability. The process of
validating and adding blocks to the chain can be time-
consuming and resource-intensive, which can slow down
transaction speeds in systems with high transaction
volumes, such as healthcare.Integrating blockchain
technology with existing healthcare systems, such as
electronic health records (EHRs) or inventory
management software, poses a significant challenge.
Many healthcare institutions rely on legacy systems that
may not be compatible with blockchain technology,

requiring significant modifications or updates to
accommodate blockchain.The decentralized nature of
blockchain can create challenges related to data privacy
and compliance with regulations like HIPAA (Health
Insurance Portability and Accountability Act) in the
United States. Ensuring that blockchain solutions adhere
to these privacy laws while maintaining transparency can
be complex.

8. CONCLUSION

Blockchain has the potential to significantly enhance
transparency in healthcare supply chains by providing
secure, tamper-proof tracking of medical products.
However, for successful implementation, the healthcare
sector must address scalability issues, ensure
interoperability with existing systems, and navigate
regulatory challenges. As blockchain technology evolves,
future research and development are likely to focus on
creating scalable, secure, and regulatory-compliant
solutions that can benefit stakeholders throughout the
healthcare supply chain.
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