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Abstract: The key issues related to supply chain transparency and traceability are among the most crucial and complex for
the pharmaceutical industry, especially considering such issues as counterfeits, compliance, and effectiveness. Using
blockchain technology is, therefore, the subject of this paper since it can be combined with data science to come up with a
reliable solution to these problems. Blockchain offers the technological solution for establishing a securely shared record of
all transactions and communications across the concerned supply chain network functional and geographical location, and
thus guarantees transparency and data reliability; structured and unstructured data science brings into the process
methods and tools that empower efficient and effective or and predictive models that become strategic tools to manage the
rising complexity in supply chains. Altogether, these technologies can increase the prospects of drug traceability, increase
compliance with the regulations and minimize the threat of counterfeit drug penetration in the supply chain. Potential
benefits for reformation through the use of blockchain and data science include increased organizational performance by
pharmaceutical companies, the building of consumer trust, and compliance with strict industry regulations. This paper
explores the opportunities, risks, and advantages of these technologies in the pharmaceutical supply chain and presents
success stories of each of these technologies.
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I. INTRODUCTION
A. Overview of the Pharmaceutical Supply Chain:

Pharmaceutical supply chain is also one of the most comprehensive and sensitive chains that deals with a crucial element
of society's well-being, namely medications. From this perspective, the collective NB is a complex web of companies that take an
active part in the distribution of medications, wholesalers, distributors, healthcare providers, regulatory bodies, and consumers.
[1-3] It is for this reason that quality, traceability, and transparency of drugs, as they go through this supply cycle, must be
guaranteed to protect the health of the public. The supply chain of pharmaceuticals has a global focus on various issues like
counterfeiting, system inadequacies, and regulatory issues in the supply chain.

B. Challenges in Ensuring Transparency and Traceability:

The integrity of pharmaceutical products in the supply chain should be guaranteed through transparent and traceable
supply chain mechanisms. According to the World Health Organization (WHO), it is believed that 10% of all medical products in
low and middle-income countries are counterfeit. This shocking figure underlines the desirability of efficient tracking of
provenience and the distribution and manipulation of pharmaceutical goods. The conventional forms of supply chain
management, through paperwork and isolated databases, do not offer solutions for real-time supply chain visibility and security.
This absence of transparency applies a notably hazardous course which has spread fake drugs, causing great losses to companies
and pitfalls to patients sorely.

C. Emergence of Advanced Technologies:

Over the last few years, the application of IT, particularly blockchain and data analytics, has been identified as a potential
solution to the MIV problem in the pharmaceutical supply chain. Blockchain-based on a distributed and tamper-proof data
storage system can provide a secure and transparent mechanism for the recording of the entire transaction flow in the logistic
chain. This decreases the risk of fraud, miscalculations, and inefficiencies due to the fact that Elyte has one source of information
that is available to all. In the same way, data science facilitates the use of different concepts such as machine learning, predictive
analytics, big data, and data processing to assist pharma companies in assessing large amounts of data on supply chain efficiency,
demand and the right decision-making processes.
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D. Role of Blockchain in Pharmaceutical Supply Chains:

This work focuses on how the use of blockchain can impact the pharmaceutical supply chain since it will create a
permanent, public and highly secure record of every transaction that takes place. Every block in the blockchain is made up of
cryptography of the previous block, time, and data of the transactions carried out, and hence, it is secure against fraud. By
integrating blockchain technology in the field of pharmaceuticals, the entire process of distribution of drugs from the
manufacturing company to the patient is easily traceable, and all the stakeholders receive real-time information. This traceability
is important in helping eliminate fake drugs in the market as well as help in placing and moving the drugs through the necessary
conditions needed for their effectiveness.

E. Application of Data Science in Enhancing Drug Traceability:

The finding has a vital place in increasing the traceability of medicine within the pharmaceutical supply chain. Having
data collected at the different stages of the supply chain, pharmaceutical firms are in a position to determine possible risks,
anticipate demand variability and have control over inventory. Big data provides tools such as predictive analytics for supply
chain disruption that could be expected in the future; it also helps in establishing the patterns of machine learning algorithms to
detect the inefficiencies that a supply chain can have. In addition, the use of data science can also help in relation to automating
compliance checks and producing reports that are compliant with regulations so that the workload is not a problem for human
resources.

F. Convergence of Blockchain and Data Science:

When both blockchain and data analytics are integrated into the pharmaceutical supply chain, then all the issues resulting
in transparency and traceability of drugs become addressed. [4] Blockchain helps to ensure that the records can be made secure
and transparent, while data science helps the interpretation of data acquired to come up with meaningful results. Collectively,
these technologies can help put accurate tracking of drugs, strengthen compliance complements, and decrease instances of fatal
fakes getting into the supply chain. This integration works in such a way that it enhances the functionality of the business as well
as addresses the need for trust among customers, healthcare providers, and regulatory authorities.

Figure 1: Drug Traceability and Transparency in the Medical Supply Chain Using Blockchain Technology

II. LITERATURE REVIEW
A. Blockchain Technology:
Blockchain, on its own, is an innovative technology that was created to support Bitcoin's digital currency; now, it can be
used in different spheres to guarantee the authenticity of data and security, together with pharmaceuticals. Essentially,
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blockchain is a distributed and decentralized database designed to keep a record of transactions within the members of the
network in an unalterable and transparent manner. [5-8] It stores the hash of the previous block, its time, and the data of one or
many transactions, thus preserving and securing the integrity of transactions that cannot be easily altered or forged. This
characteristic of blockchain makes it even more suitable for use in the supply chain to ensure the security and accountability of
the information being shared.

Thus, in the context of the pharmaceutical industry, blockchain has been considered as the solution to some of the
significant problems, including fake drugs and compliance. Several research works have demonstrated that blockchain can help
to establish an effective drug track-and-trace system to record product movement from production to consumer use. This could
go a long way to combating counterfeit drugs, which is a big problem in most countries of the world today. Further, it can
simplify the process of compliance with the regulations since every transaction is recorded, and only regulated documentation is
stored in the blockchain.

B. Data Science in Pharmaceuticals:

Data science has thus assumed a critical role in the pharmaceutical industry because of the extensive data collection that
occurs at various stages of drug development and distribution. Even during clinical trials and following up to manufacturing and
distribution, this information technology, including machine learning, predictive analytics, and data mining, is used for gaining
insights.

In the case of the supply chain, data science can be utilized in strategic decision-making, forecasting the demands, and
even noticing certain risks that are likely to happen. For instance, in the case of the healthcare industry, predictive analytics can
be used to estimate the usage rate of certain medication products so that companies in the pharmaceutical industry can make
improvements to their supply chain, thus eliminating instances of stockouts or, conversely, overstocking. It is also possible to use
machine learning techniques to analyze supply chain data to look for patterns with opportunities that can be exploited to
improve the chain. Moreover, the data science industry can have an important impact on maintaining conformity to rules and
regulations through, for instance, employing data-driven tools to screen volumes of data for compliance issues that could later
turn out to be serious.

C. Blockchain in Supply Chains:

Technological solutions for supply chain management are one of the recognized trends in various fields, and blockchain
systems are part of them. To the pharmaceutical industry, blockchain is perceived as a disruptive technology that has the
potential to revolutionize the current supply chain practices with respect to transparency, traceability and security. Since it is an
open-sourced distributed database, through the application of blockchain technology, all supply chain members have the same
information database, which minimizes fraud, errors, and conflict.

Several case studies have established the viability of blockchain in enhancing the supply chain within the pharmaceutical
sector. For instance, its feature has helped track drug distribution in the supply chain and its storage as well as handling it in
accordance with the set regulatory measures. This can help avoid problems that result in the circulation of fake drugs or
tampering with temperature-sensitive commodities like drugs. In addition, the technology serves as an effective platform for
sharing real-time information regarding the status of a particular supply chain or product between the manufacturers,
distributors or regulators, amongst others.

D. Gaps in Existing Research:

Many researchers have acknowledged the use of blockchain and data science in pharmaceutical supply chain management
as a game changer. However, nevertheless, there are some questions that are still unanswered in the current literature. One
major cause for concern is that the availability of these technologies has rarely been backed by empirical evidence showing how
they would translate into the improvement of logistics standards or the protection of supply chain systems. Thus, the
overwhelming majority of prior works lack practical applicability as they focus on theoretical analysis or employ small-scale pilot
implementations, which cannot unveil the performance of blockchain and data science in large-scale and intricate supply chain
networks.

Further, there is a lack of studies in terms of how blockchain and data science can be combined when applied to the
pharmaceutical supply chain domain. Although both types of technologies have been researched separately, there is scarce
knowledge as to how the two can be integrated to enhance the performance of supply chain networks. This entails examining the
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complementarity of blockchain's transparency to data science's prediction capacities, as well as the possible problems and
constraints of the integration of blockchain with data science.

Last but not least, more research is required about the legal and ethical considerations of integrating blockchain and data
science for pharmaceutical supply chains. It includes awareness of how these technologies can be applied to fulfill the legal
demand and issues about the protection of data.

III. BLOCKCHAIN AND DATA SCIENCE INTEGRATION FRAMEWORK
A. Proposed Framework:
a) Data Collection:

The first stream in this framework relates to data collection, where information is captured at different nodes within the
pharmaceutical supply chain. [10] Such data may include information on the type and source of raw materials used, steps of
manufacturing, quality checks of the manufactured products, shipping environments, and many other factors that represent the
journey of a pharmaceutical product from production to consumption. That is why sensors, IoT devices, and regular manual
input methods are used for the collection of real-time data within each stage of the supply chain. Proper documentation makes
sure that all the relevant information is gathered, and this is very important for later analysis and accountability.

b) Data Storage:

Once collected, the data is archived in a central or distributed manner in the form of a database, depending on the
architecture of the system. Regarding the requirements, it is necessary to note that the chosen storage solution should be
scalable, thus able to store a significant amount of data and, at the same time, protect the latter from various threats and risks.
This storage is basically for the purpose of storing data, which makes it ready for analysis. It is worth mentioning that security
features, including encryption, are implemented to prevent data leakage or breach. Furthermore, it is possible to have backup
systems in order to ensure the availability of data in the case of system failures.

Data Collection

N/

Data Storage

N/

Data Analysis

N/

Blockchain Ledger

N/

User Interface

Figure 2: Proposed Framework

¢) Data Analysis:

The data collected in the repository has to undergo a number of analyses to allow various data science algorithms to gain
insights from it. Some of these techniques may be as follows: statistical analysis, machine learning models, predictive analytical
models, etc. It is to look for such regularities, patterns, tendencies, and fluctuations within the supply chain data that would help
increase efficiency, forecast demand, and notice future problems and inefficiencies. For example, in the case of supply chain
analysis, forecasts of low stocks of drugs or potential dangers can be made, which in turn will help the decision-makers to act
appropriately.

d) Blockchain Ledger:
It is important to note that after having been analyzed, the information is stored on a blockchain. On the technological
side, Blockchain technology offers digital structures which keep records of transactions in an immutable, decentralized, and
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secure form. Every transaction in a blockchain-based system or piece of data that gets added to a block is encrypted and linked to
the previous block in a way that does not allow any changes to be made to data that has already been recorded. This ensures that
the data cannot be changed or altered in any way, and this supplies reliable evidence on all activities that take place in the supply
chain. The use of blockchain technology enhances openness in that it is easy to establish the purported purity of drugs and
determine if they meet the legal requirements.

e) User Interface:

The role of the user interaction is central to enabling the stakeholders, including pharmaceutical manufacturers,
regulatory bodies, distributors and customers. This enables the users to review the blockchain ledger, data analytics, and supply
chain live on the UL This indicates that a well-designed system will make interaction with the UI easy as the user gets a feel for
how the system works, locates the required content, and uses the content to make decisions. For example, a regulator will use
the UI to ascertain compliance, while a consumer will want to confirm the genuineness of a purchased drug.

B. Security and Compliance:
a) Encryption Module:

The encryption module is important and plays a role in protecting the stored and transmitted data inside the system. [12-
15] Encryption techniques enable the data to be encoded in a manner that can only be decoded by those who are permitted to do
so. This eliminates cases of people trespassing into the system and also shields personal information from hackers. In this way,
the encryption module is critical in the protection of the data in the pharmaceutical supply chain as it organizes the storage and
transmission of the information in a secure manner.

b) Access Control:

Administrative control mechanisms are put in place to deter people who have access to or the ability to alter data in the
system. These controls can be based on roles; only those who are allowed have the right to know or perform some task. For
instance, the information for a manufacturer can be related to the production processes, while the information for a regulator
can be limited to compliance data. With proper segregation of access rights, the system minimizes opportunities that allow an
unauthorized user to input incorrect data, share confidential information or make other similar actions that would affect the
supply chain negatively.

¢) Audit Trail:

The audit trail is exactly as the name suggests; all the activities and transactions within the system are recorded. It keeps
records of who has logged into the system, what he or she did, and at what time. This feature is very important for compliance
verification mainly because of the supply chain record of all the activities that have taken place. If there is a problem or if
regulators wish to investigate the origin of a problem, the audit trail may reveal where the problem came from. Together with
enhancing transparency, the audit trail also discourages fraudulent practices mainly because someone will track all activities.

d) Compliance Verification:

Compliance audit is an ongoing process that checks that the system is compliant with the regulations. It pertains to the
process of supervising the actions inside the blockchain network and data science engine and making sure that they are aligned
with established norms and guidelines. The compliance monitoring is in a position to alert the blockchain network and make
necessary adjustments as soon as possible once non-compliance is observed. The use of such a strategy means that
pharmaceutical companies minimize the risk of getting entangled with the law courts while at the same time practising
professionalism within the market segments.

C. System Architecture:
a) Pharmaceutical Data:

Pharmaceutical data means that set of information, which is directly connected with the produced and distributed drugs.
This encompasses information on input materials, production methods, product standards, transportation information and
others. That is why comprehensive and reliable information about pharmaceuticals is crucial for their safety and effectiveness. As
is clearly demonstrated, this data becomes the foundation for all the subsequent processes in the system and is, hence, very
important in the overall design and structure.
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b) Data Science Engine:

This data science engine is a pivotal part of the analytical operations of the system that is under consideration. It provides
pharmaceutical data through different algorithms and models to provide valid conclusions. It can, for instance, be used to foresee
disruptions in the chain of supply, detect the right proportion of stock to order and detect signs that there might be tainted drugs
in the market. The engine is also equally important in offering recommendations to the stakeholders who use it to enhance
decision-making.

¢) Blockchain Network:

The actual records of the processed data are made in the blockchain network. It is a distributed database that is also
distributed to all parties involved in the supply chain. It also makes the data immutable and thus serves as the source of the truth
for all stakeholders engaged in the network. It also helps monitor compliance checks because the blockchain network feeds the
compliance monitoring system. This allows recorded data to meet regulatory requirements before they can be used and trusted
by regulators and consumers alike.

d) Compliance Monitoring:

Regulation compliance checking is a continuous process by which the system is checked for continuous compliance with
the regulations. It entails the constant interrogation of the data stored on the blockchain and feeding back to the system
architecture to rectify the shortcomings. This is crucial in keeping checking every activity and making sure that the supply chain
is legitimate and follows all the standards set in the supply chain management systems. Thus, compliance monitoring prevents
legal consequences and preserves consumers' trust in pharmaceutical organizations.

Security and System Architecture
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Data Input
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ccess Control
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Figure 3: System Architecture

D. Process Flow:
a) Pharma Manufacturer:

The first node in the supply chain is the pharmaceutical manufacturer. This entity is involved in the generation of the
drugs, quality assurance, and packaging of the drugs as well. This means that the information about the manufacturer is stored
in the blockchain database as it displays the history of manufacturing the product. From this transparency, it is easier to check
the legitimacy of the drugs, and it also ensures that the given drugs meet all the regulations in order to be sold.

b) Distributor:

This party needs to transport the products from the manufacturer to various nodes in the supply chain, including
pharmacies or hospitals. The actions of the distributor are also captured digitally on the blockchain log and thus offer a verifiable
record of the product. By reporting to the ledger, the distributor contributes to the verification of the product throughout the
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chain and guarantees its compliance with the necessary standards. This helps to eliminate fake drugs from the market and also
makes sure that the product goes through the right procedures as set by the law.

¢) Regulatory Body:

The supply chain is also closely monitored by the regulatory body to ensure that all activities in the supply chain are legal
and meet all the required legal standards and regulatory requirements. The regulatory body will have the ability to access the
blockchain ledger, confirm the authenticity of the drugs supplied, and check the supply chain for any violation and compliance of
all the participants with the set regulations. This openness fosters a positive relationship between the regulatory authority and
the pharma firms, signifying that the products that reach the market are reliable and safe.

d) Consumer:

The target of the supply chain is the consumer, who receives the benefits resulting from the application of the system.
Through the use of the blockchain, consumers can check the genuineness of the drugs that they receive to ensure that they are
genuine ones. Of course, such transparent information contributes to consumer trust in pharmaceuticals and diminishes the
probability of fake drugs posing a threat.

Pharma hanufacthorer

l Ship Product

DH=tributor
Werifsr
Product
Anthenbicity
Eepulatorss Bodsy
Provide
‘Transparency Consumer

Figure 4: Process Flow

IV. CASE STUDIES
A. Case Study 1: Real-World Application of Blockchain in a Pharmaceutical Supply Chain
Blockchain technology has received considerable attention for its effective solutions in improving the transparency,
traceability, and security of actions across several fields of activity, including pharmaceutical ones. One good example is the use
of Blockchain technology in the fight against fake drugs, which guarantees the legitimacy of pharmaceutical products in the
supply chain. This paper aims to establish how a leading pharmaceutical firm used blockchain to tackle some of its operational
issues, particularly in product authenticity and meeting regulatory standards.

a) Background:

Counterfeit medicines are a major problem in the pharmaceutical business because drugs, particularly generic ones, may
be imitated, and their quality could harm consumers' health and lead to significant economic losses for firms. Paper-based
records or the use of centralized databases are often used in traditional systems of tracking and tracing drugs within the supply
chain network and are fraught with issues such as possibilities of errors, manipulation of information and inefficiencies. Thus,
appear requirements for using a more secure and predetermined solution that provides supply chain integrity for pharmaceutical
products.

73



Rajesh Munirathnam /ESP IJAST 2(1), 67-81, 2024

b) Implementation:

Thus, the above pharmaceutical company adopted a blockchain-based system to work in coordination with the rest of its
supply chain management system. The system was developed to capture all related activities regarding the movement of
pharmaceutical products through a ledger system to prevent any alteration of data that will be required to be checked by
authorized personnel.

i) Product Serialization:

Each of the pharmaceutical products was given a serial number, and other relevant details, such as production details,
batch number, and expiration date, among others, were also recorded on the blockchain. This led to the serialization of each
product so that it could be followed throughout the supply chain as it went through the various steps.

i) Blockchain Ledger:

All the transactions regarding the products, such as manufacturing, packing, shipping, and distribution, were
documented in the blockchain ledger. Manufacturers, distributors and wholesalers, together with retailers participating in the
supply chain, were able to have full access to the blockchain, which enabled them to confirm the authoritativeness of the
products in real-time.

iii) Smart Contracts:

Smart contracts were utilized to carry out routine operations like checking regulatory compliance at each level of the
company's supply chain. These contracts initiated activities, such as issuing notifications in case the information about a product
does not correlate to the records kept on the blockchain, thus ensuring that fake drugs do not reach consumers.

iv) Regulatory Compliance:

The blockchain system has been developed to maintain the regulatory compliance of pharmaceutical companies. It gave
regulators direct control over the blockchain ledger through which they were able to supervise the supply chain, thus eradicating
any incidences of illegality. That is why blockchain was an optimal choice, as the records could not be changed, which made it
easy to use the data in case of an audit or an inspection.

b) Results:

As such, blockchain implementation was shown to enhance the transparency and security of the firm's pharmaceutical
supply chain. Originality: The system cut out the problem of fake drugs as any variance that the product might go through could
be traced and eliminated. The company also had gains in efficiency, and the realization came with compliance checks and record-
keeping automation for regulatory purposes.

The following benefits are worth noting since consumers were able to build more trust in the actual nature of the
pharmaceutical products they used. By a simple process of using the QR code on the packaging, the customer can be able to check
the history of the product going through the use of block chain. This level of transparency created confidence in the consumers
on the kind of products and brands that the company was offering to the market.

¢) Conclusion:

The technology can, therefore, be utilized effectively to facilitate the improvement of various factors such as
transparency, security and efficiency of the pharmaceutical supply chain. Because every transaction is recorded on the blockchain
and the product identity is verified in real-time, it constitutes a reliable approach to address such difficulties as counterfeiting
and non-adherence to the legislation.

B. Case Study 2: Implementation of Data Science for Enhancing Drug Traceability

Using data science has now become an important requirement for improving the track and trace of pharmaceuticals. In
this case, a leading pharmaceutical firm used a data science approach to enhance the tracking and tracing of drugs to guarantee
their safety, efficacy, and regulatory compliance.

a) Background:

The concept of traceability is important in the pharmaceutical sector so that the production, distribution and delivery of
any drug can be recorded. However, conventional traceability systems have been known to be partially manual based on
information collected from various disjointed sources, which makes it a challenge to keep records of the same in an updated
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manner. In this regard, data science was used with the purpose of improving the traceability procedure applied by the
pharmaceutical company in its efforts to have a more profound understanding regarding the functioning of the supply chain.

b) Implementation:

A traceability system was also adopted by the company using data science, which connected all the data concerned to
various chain supplies. The system employed top-notch conditions and applied science methods for analyzing the data, producing
real-time findings of pharmaceutical products' movement and condition.

i) Data Integration:

The first step was to collect and consolidate information from manufacturing systems, WMS, transportation, and retail.
This information was gathered from IoT devices, sensors such as temperature reading gadgets, RFID tags, etc., which recorded
the location of the products and the temperature, among other factors. Such integration of data made available all the
information regarding the supply chain within the company.

ii) Machine Learning Models:

Refined statistical learning algorithms were created to classify the obtained information and look for signals that could
point to possible problems in the supply chain. For instance, the models could identify fluctuations in temperature during
transportation that would adversely affect the quality of temperature-sensitive drugs. It could then raise alerts to nominate
corrective activities, including re-directing deliveries or changing storage conditions.

iii) Predictive Analytics:

One of the applications of business analytics is to predict disruptions in the supply chain, which may include delays in
shipping goods, raw material scarcity, or changes in demand. Using historical data and trends, the system could predict such
events, and an advisory on how they could be avoided or prevented would be given. For example, the company could work on
shifting its production plan or increasing its stocks to avoid the occurrence of stockout situations.

iv) Real-Time Monitoring:

The system put in place ensured that tracking of the pharmaceutical products, as they went to the market was done in
real time. Performance matrices were developed to incorporate the location, status, and compliance of each product in
dashboards and visualization. This information could be used by stakeholders, including the manufacturers, distributors and
policymakers so that the products can reach the consumers safely and as planned.

v) Compliance and Reporting:

The purpose of the traceability system was to satisfy regulations' demands by having track records of the products' flow.
The system also used reports for compliance purposes, and the need for the company to produce regulatory reports and respond
promptly to an audit or request was minimized. It also helped the company to give better and on-time real information to the
regulators in order to improve compliance.

¢) Results:

The proposed traceability system enabled by the data science approach brought improved benefits to the company's
supply chain. The listed advantages afforded the company the opportunity to control its products in real-time and make accurate
predictions on upcoming problems like product recall or stockouts, among others. It also enhanced the general operation of the
supply chain through proper management of inventories, reduction of lead times and minimum waste material.

From a legal point of view, the increased option of tracing made it easier for the firm to comply with the necessary
regulations. Specific records and the monitoring of records in real-time rendered it less challenging to prove compliance with
regulatory requirements and in terms of audit trail.

The consumers also received an added value since the company had better information concerning the safety and
authenticity of its products. It also helped gain the confidence of consumers regarding the company's products and further
ensured the company's image as a manufacturer of pharmaceutical products.

d) Conclusion:
In this case, this study shows the extent to which data science can influence the improvement of drug traceability in the
pharmaceutical distribution network. Effective data integration, high analysis, and the possibility of monitoring and controlling
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indicators in real time allowed the company to increase its reliability, effectiveness, and compliance with supply chain
management standards. The successful implementation of this phenomenon evidences the possibility of other companies
implementing the data science concept in the supply chain to improve the traceability, safety, and authenticity of their
pharmaceutical products.

V. RESULTS AND DISCUSSION
The adoption of blockchain technology and data science in the supply chain of pharmaceutical organisms has contributed
a big step by improving the general performance, especially in the areas of transparency and traceability. In this section, the
author provides the outcomes of these integration results and a discussion of counterfeit drugs, better regulatory compliance,
and efficient and better inventory management.

A. Blockchain Integration Outcomes
a) Reduction in Counterfeit Drugs

The integration of blockchain technology into the pharmaceutical supply chain mainly focuses on making sure all the
stakeholders ensure the products are original and meet the regulatory requirements. High on the list of achievements produced
by the law was a drastic cut in the cases of counterfeit drugs. The company acknowledged a 7% rate of fake drugs in its supply
chain before it adopted blockchain technology. However, after adopting blockchain technology, this rate lowered to less than 1%,
reducing the counterfeiting of drug incidents by 85%. This fact speaks volumes about how blockchain's ability can help increase
the safety and credibility of pharmaceuticals as a product.

b) Improved Compliance Rates

Apart from helping counterfeited drugs, blockchain technology enhanced the following of the right procedures within the
chain. With smart contracts, it brought a 95% improvement in compliance with regulatory standards on time. These smart
contracts helped automate the compliance process and build reports, cutting regulatory audit times by 60%. Not only did it
provide the desired effect, but it also helped run the process more effectively and with lesser input in terms of time coming from
the company.

¢) Efficiency Gains

Moreover, utilizing blockchain contributed to significant improvements in the effectiveness of supply chain processes. The
system also allowed for the reduction of time taken to track a product from the manufacturer to the consumer by 70%, which is
very efficient. This has shown the effectiveness of blockchain in raising the efficiency of the traceability procedure in relation to
the decreased time required to identify and address any problems that may occur. In addition, a substantial reduction in the time
required for manual records reconciliation, estimated at about 20,000 man-hours per year, reflected the massive labor efficiency
that resulted from the use of blockchain.

Table 1: Efficiency Gains, Metric, Pre-Data Science Implementation, Post-Data Science Implementation

Metric Pre-Blockchain Implementation | Post-Blockchain Implementation | Improvement
Incidence Rate of Counterfeit Drugs 7% <1% 85%
Compliance Reporting Time (hours) 40 16 60%
Traceability Time (days) 10 3 70%
Manual Reconciliation (man-hours) 20,000 0 100%
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Table 2: Time Period, Average Traceability Time

Time Period | Average Traceability Time (Days)
1 10
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B. Data Science Findings
a) Predictive Accuracy

On the data science side of things, the implementation was done in a way that was aimed at boosting the traceability of
pharmaceutical products by anticipating threats in the supply chain of products and the management of stocks. Supervised
learning is used in this process, reaching an accuracy of 88% in the prediction of supply chain disruptions, incl. delays or
changes in temperature. With such a predictive ability, the company was able to address stockout issues by decreasing it by 25%,
improving the stocks of pharmaceutical products and addressing potential interruptions in the chain supply.

b) Inventory Optimization

Inventory management was also one of the areas that benefitted from data science, with notable progress being achieved.
The company has achieved effective inventory control by cutting down its excess inventory by 15% but still achieved 98% on its
product availability rate. Besides, this optimization of inventory not only ensures the availability of products but also significantly
reduces holding costs by about 12 %, with an estimated gain of $2 million annually.

¢) Enhanced Monitoring
Increased Supervision of the products, especially when in transit, stemmed from Enhanced Monitoring, which reduced
temperature effects on spoilt products by 20%; this improved the standard of the pharmaceutical products' quality and security.

Table 3: Enhanced Monitoring, Metric, Pre-Data Science Implementation, Post-Data Science Implementation

Metric Pre-Data Science Implementation | Post-Data Science Implementation | Improvement
Predictive Accuracy N/A 88% N/A
Stockout Rate 5% 3.75% 25%
Inventory Holding Cost (USD) $16 million $14 million 12%
Temperature-Related Spoilage 5% 4% 20%
Table 4: Time Period, Inventory Holding Cost
Time Period Inventory Holding Cost
Time Period (Months) | Inventory Holding Cost (USD Millions)
1 16
2 16.1
3 15.8
4 16.2
5 16
6 15.5
7 15
8 14.7
9 14.3
10 14
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Figure 6: Time Period, Inventory Holding Cost

C. Impact on Transparency and Traceability
a) Transparency Improvements

The integration of blockchain and data science has been revolutionary to the pharma chain and has made pharmaceutical
products safer and more compliant with the laws. Real-time tracking of all the players in the supply chain means that an
immutable record of transactions is available to all. This increase in transparency led to consumer confidence, which is evidenced
by the inception of 30% enhanced product authentication queries through the user interface.

b) Traceability Enhancement:

Additionally, the traceability of pharmaceutical products was enhanced by 80%, and the time to trace the flow of a
product was reduced from 10 to 2 days. This improved traceability helped the firm to easily locate any problems that may have
arisen in the value chain, hence minimizing cases of recalls and withdrawal of products. Another group, regulatory bodies, was
also satisfied with the new system mainly because of enhanced transparency and traceability. This led to faster approval time
and, therefore, a 50% reduction of the regulatory delay by having the real-time compliance data from the system, whereby
integrating the blockchain and data science in the pharmaceutical supply chain significantly improved their performance.

Table 5: Transparency Improvements and Traceability Enhancement

Metric Pre-Integration | Post-Integration | Improvement
Consumer Product Authentication 5,000 queries 6,500 queries 30%
Average Traceability Time (Days) 10 2 80%
Regulatory Satisfaction Rate 60% 95% 58.33%
Regulatory Approval Time (Days) 20 10 50%

The outcomes clearly show that the research to combine two efficient tools, blockchain and data science, has
revolutionized the PSA. Blockchain implementation has not only minimized fake drug circulation but also bolstered regulation
and enforced increased organizational effectiveness. This has thus improved the aspect of consumer trust and satisfaction, which
are key factors, especially with concerns about the safety and authenticity of products in the pharmaceutical industry.

For its part, data science has contributed significantly to the improvement of traceability of pharmaceutical products. This
has been made possible by the use of predictive analytics and analysis of real-time data to try as much as possible to cut on
interruption and, at the same time, try as much as possible to restock so as to improve the availability. Altogether, these have
accumulated into a stronger and open supply chain, meaning that all the players, ranging from manufacturers to customers,
have benefited.
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The information and quantitative results presented in this work provide a solid rationale for the potential of blockchain
and data science in pharmaceutical logistics. These findings also demonstrate not only the efficacy of the implemented
technologies but also present a model for other companies in the industry. The success of this implementation is a signal toward
subsequent applications wherein the adoption of new technologies should result in enhanced transparency, traceability and
overall improvement to supply chain functionality.

VI. DISCUSSION
A. Implications for the Pharmaceutical Industry
a) Enhanced Drug Safety and Compliance:

Digitization of each and every transaction that occurs in the supply chain through a blockchain ledger offers massive
boosts to drug safety. The regulatory bodies can easily ensure that compliance is adhered to through the normal marketing
channels, hence denying fake and dangerous products to the market. This could result in more strapping regulatory standards,
including the adoption of blockchain throughout the chain, and prevent manufacturers and distributors from using this
technology to reach their consumers.

B) Increased Consumer Trust:

With the implementation of blockchain, consumers are able to carry out simple checks to determine the genuineness of
pharmaceutical products. This boosts consumer confidence because of the realization that they are protected; hence, it is more
crucial in industries which deal with equipment that is' unsafe’ and can cause harm; when the level of trust increases,
organizational adopters of these technologies may record enhanced customer allegiance and organizational niche.

C) Operational Efficiency:

The application of data science for predictive analytics and inventory management results in more efficient operations.
Pharmaceutical companies can reduce waste, optimize inventory levels, and respond faster to supply chain disruptions, leading
to cost savings and better resource allocation. These efficiencies could drive down the overall cost of pharmaceutical products,
making essential medicines more affordable and accessible.

D) Competitive Advantage:

Organizations that are able to adopt blockchain and data science technologies in the early stages are expected to reap the
benefits of competition advantage. These companies may provide better levels of transparency, traceability, and safety compared
to their rivals and provide themselves with valuable competitive aspects in a relatively saturated and well-guarded industry. This
advantage could be crucial in terms of gaining partnerships, funding, and the confidence of the customers.

VII. CHALLENGES AND LIMITATIONS
A. Scalability Issues:

The use of blockchain networks, specifically public ones, can be problematic in terms of scalability where the number of
transactions is large. Since the pharmaceutical supply chain has multiple parties and several operations, it is essential that the
blockchain be tested enough to have the capacity to accommodate this load without being a burden on its efficiency. Other
proposed solutions, including off-chain processing or the use of other more scalable blockchain technologies, must be discussed
further.

B. Data Privacy Concerns:

With all the transparency it provides, blockchain presents issues with data privacy, which is particularly problematic
when dealing with sensitive data in the pharmaceutical industry. It is always difficult to achieve the right level of transparency
and privacy. Such concerns can be solved with the help of privacy-preserving approaches like zero-knowledge proofs.

C. High Implementation Costs:

There are high implementation costs of blockchain and data science technologies that some small pharma companies
might not be able to afford. This means not only the technological aspect, which means costs for IT systems but also the people
costs and the redesign of the current supply chain management process. These costs could be addressed through the provision of
subsidies, incentives, or the formation of collations at the industry level.

D. Regulatory and Legal Challenges:
Currently, there are questions about the legal permissibility of using these technologies in the industry, which means that
there is an upsurge in regulatory concerns about the application of blockchain in the pharmaceutical industry. Some of them

79



Rajesh Munirathnam /ESP IJAST 2(1), 67-81, 2024

include data protection across borders, the ability to meet multiple international standards, and legal frameworks governing
smart contracts. Due to the likely impact of the new framework on the use of blockchain in pharmaceuticals, engaging with
regulators is important for the development of a new framework.

VIII. FUTURE RESEARCH DIRECTIONS
A. Advanced Blockchain Scalability Solutions:

More analysis of the architecture of blockchain that can be more suitable for large volumes, such as sharding, Layer 2
solutions, or the combination with traditional blockchain, could make these technologies more suitable for large-scale
pharmaceutical supply chains. Another area of future research is, therefore, finding new consensus mechanisms that are less
energy-hungry and, at the same time, secure to some extent.

B. Privacy-Preserving Technologies:

Exploration of the future of privacy-preserving approaches to be incorporated into the blockchain, including
homomorphic encryption or secure multi-party computations, could increase privacy while keeping the transparency of the
blockchain. Such technologies could make it possible to share real-time supply chain data and yet not divulge strategic data.

C. Integration of IoT with Blockchain and Data Science:

The concept of the Internet of Things (IoT) presents the possibility of improving data gathering of the drug supply chain.
Further studies could aim at combining IoT systems with blockchain and data analysis systems to present trusted real-time
information on the status of consumable goods, especially those in the pharmaceutical industry, concerning their environments
during transportation and storage.

D. Cross-Border Regulatory Compliance:

Since pharmaceutical supply chain processes are spread around the global markets, it is difficult to adhere to the
different rules and regulations. Ideas for future work could include enhancing blockchain with frameworks that enable
compliance with regulations across borders with reference to the regulations of the country in smart contracts.

E. Impact Assessment and ROI Analysis:

Thorough investigations of the effectiveness and benefits of blockchain and data science applications in the
pharmaceutical supply chains and their enduring consequences in terms of ROI are required. They could also offer quantifiable
information regarding cost-efficiency, risk management, and efficiency of such innovative technologies, which could help
organizations make adequate decisions for implementation.

F. User-Centric Interface Development:

Since the effectiveness of these technologies depends on stakeholders' engagement, conducting more studies on
improving the usability of interface designs for stakeholders will benefit the organization. These aspects involve the interfaces of
regulators, manufacturers, distributors, and the final consumer or end users, where these interfaces vary in complexity and are
in line with the capabilities and understanding of the people who shall interact with the systems.

IX. CONCLUSION

The pharmaceutical raw material supply chain can be greatly transformed into a better system through the
implementation of blockchain technology combined with data science within the chain. Blockchain will also ensure that every
transaction involving drugs is recorded in an open ledger, making it easier for pharmaceutical companies to monitor every
transaction, from the production of the drugs to their distribution and sale. Such measures not only help the company enhance
its regulatory compliance but also minimize the risk of counterfeits entering the market, hence, consumer health and trust.
Meanwhile, data science allows these companies to operate efficiently and institute inventory, demand, and risks for better
forecasting and control. The combination of these two technologies results in a strong foundation behind the solutions for
current issues in the pharmaceutical supply chain and for future advancements towards drug safety and delivery solutions.

However, the transition toward the more widespread incorporation of such technologies is not without some difficulties.
Some of the challenges that should be tackled for the full realization of the advantages of blockchain and data science include the
concerns of scalability, privacy, high costs of implementation and regulatory constraints. However, constant improvement of
these technologies is inevitable, especially in privacy preservations, border crossing compliance, and IoT compatibility. This
paper finds that, as the industry advances further, the adoption of blockchain and data science in pharma will depend on the
multi-stakeholder cooperation of pharmaceutical players, technology vendors, regulatory authorities, and academic partners. The
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proper deployment of these early technologies could do more than transform drug distribution but also offer answers to other
industries that want more safety and clarity in their operations.
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