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ABSTRACT
The blockchain technology eliminates security, transparency, and customisation risks, which reveal
pharmaceutical safety and effectiveness in modern medicine delivery systems. This broad research offers a new
architecture based on distributed ledger technology and Al-enhanced drug delivery systems that enable the
secure and immutable and transparent administration of pharmaceuticals. The architecture of blockchain-based
drug delivery systems would get assessed in terms of security (99.9% tamper-proof integrity of records),
transparency (end-to-end traceability in real-time), and patient outcomes (40 percent improvement in medication
adherence). These include applications based on smart contracts to dose, decentralised identity management,
verification of the supply chain integrity, and token-based incentive mechanisms. Our technologies with built-in
blockchain reach 85-95% prescription compliance, decrease cases of counterfeits drugs by 98 percent, and
minimize supply chain risks by 67 percent. Scalability (15-30 transactions per second versus healthcare
requirements of over 1000 TPS) and regulatory fragmentation across jurisdictions, energy use (permissioned
blockchain: 0.001-0.01 kWh per transaction versus proof-of-work: 700-1000 kWh) and interoperability factors
in healthcare infrastructure are the major challenges in implementation. We suggest a hybrid framework which
combines permissioned blockchain networks with offchain storage to make it more scalable and secure. The
quantum-resistant encryption generates security, federated learning generates privacy, and standard interchange
protocols facilitate the integration of the healthcare system. The hybrid system supports 2000-5000 transactions
per second with sub-second finality with speeds 100-300 times faster than traditional blockchain systems. The
paper provides the basis of intelligent medication delivery systems powered by blockchains and meeting the
requirements of clinical confidentiality, transparency, and scalability.
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1. Introduction

substandard or counterfeit, and the business of

The pharmaceutical sector in the world is currently
facing a challenge on the safety, security and
effectiveness of drug delivery such as never before.
According to the estimates of the World Health
Organization, one out of every ten medical products in
the low- and middle-income countries is either

counterfeit medicines is estimated at $200 billion
annually (WHO, 2021). Traditional systems of drug
delivery are faced with a series of problems, such as
discontinuous supply chains lacking the full
traceability, the lack of monitoring of patient
compliance, which results in 125,000 deaths annually
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in the United States, and the high vulnerability to
cyber-attacks that compromise the quality of patient
information and medication integrity (Viswanathan et
al., 2012; Tuga and McGuire, 2014). This concurrent
artificial intelligence approach to drug delivery has
presented new opportunities of personalisation and
optimisation. According to Gallego et al. (2021) and
Liu et al. (2021), artificial intelligence technologies
can analyze patient-specific data to predict the correct
dosage, modify the delivery process conditions in situ
and anticipate possible adverse events in advance,
before they happen. Nonetheless, such Al-based
systems pose even more risks: such high requirements
of patient data bring up the issue of privacy,
algorithmic-based decisions create the need to audit
them, and the combination of diverse sources of data
opens the possibility of attacks by bad actors (Gerke
et al, 2020; Mesko and Topol, 2023). The
vulnerabilities are caused by the use of artificial
intelligence in these systems. The application of
blockchain technology which was initially used in
cryptocurrency apps has become a pioneering solution
to these problems.

The blockchain technology offers a system on how to
safeguard Al-focused medical delivery systems and
safeguard data integrity that is necessary to ensure
regulatory compliance and patient safety (Agbo et al.,
2019; Casino et al., 2019). Blockchain technology
provides transparent, decentralised and immutable
record keeping. The synergy opportunity is also
presented by the combination of the predictive
features of artificial intelligence and the security
guarantees offered by blockchain technology. This
conglomeration can overcome the greatest obstacles
that the pharmaceutical business has ever faced.
Modern technologies of medication delivery have
inherent limitations that compromise patient safety
and efficacy of treatments. The limitations include the
following: Security Vulnerabilities: Centralised
databases are the easiest target of cyberattacks, and
the annual number of cases of hacking into healthcare
data influences approximately 40 million patient
records annually (Ponemon Institute, 2023). There
should be centralised databases that are handled with
keen attention. The absence of cryptographic
verification tools in the traditional systems allows the
unnoticed manipulations of data and the appearance of
fake pharmaceuticals. The pharmaceutical supply
chain involves several intermediaries, such as
producers, distributors, wholesalers and pharmacies.
This creates a lack of transparency, which impedes the

ability of the patients to confirm the source of their
drug, conditions of storage, and history of handling.
According to Viswanathan et al. (2012),
adherence to pharmaceuticals costs the United States
healthcare system between 100 and 300 billion of
funds annually. Secondly, fifty-sixty percentages of
the people who are chronically conditioned fail to
follow the regimens prescribed to them. Serialised
tracking is mandated by both the United States Drug
Supply Chain Security Act (DSCSA) and the
European Union Falsified Medicines Directive
creating  major expenses and
interoperability issues.

non-

administrative

By way of this study, we hope to: Develop an overall
system of advanced pharmaceutical delivery systems
enabled by the blockchain.

* Conduct a thorough analysis of the performance
metrics, including patient outcomes, scalability, level
of security, and transparency.

* Analyze the issues that occur during deployment and
give recommendations.

» Compare the performance of the traditional solutions
with the solution that is based on blockchain
according to the critical performance metrics.

* Make suggestions on how clinical implementation
can proceed that is supported by credible evidence.

In this study, a new hybrid architecture combining the
benefits of scalability and security guarantees is
presented. It does so by combining permissioned
blockchains networks with off-chain storage and
artificial intelligence. Together with providing
extensive performance research based on tangible
applications, we support a clear concept of
interoperability principles of healthcare system
integration.

2. Literature Survey

The literature review also presents an in-depth
discussion of the current studies regarding the
integration of blockchain technology and automated
pharmaceutical delivery systems. The survey will
cover basic research, recent events, and new trends in
four major areas, namely the idea of blockchain in
healthcare, Al-guided drug delivery systems,
pharmaceutical ~ supply  chain  safety, and
individualised treatment management. Each of them
includes the author(s), the year, the suggested work,
the major contributions, and limitations. Hasselgren,
A. et al., proposed the taxonomy of applications to
includes clinical data management, supply chain,
biomedical research, and patient involvement. The

1JDDT, Volume 16 Issue 21s, 2026

Page 1071



Intelligent Drug Delivery Using Blockchain Technology: A Framework for Secure, Transparent, and
Personalized Therapeutic Management

authors have discovered that 78 percent of the studies
were still in the conceptual or prototype stage and
little clinical application was done. A model was
created to assess the possible clinical difference,
regulatory readiness, and technical maturity of
blockchain applications in healthcare. As it was
reported in the analysis, pharmaceutical supply chain
applications have the greatest potential to produce an
immediate impact, and counterfeit avoidance and
traceability offered some obvious value propositions.
The authors came to the conclusion that permissioned
blockchain architectures are necessary to implement
successfully healthcare applications that need to
comply with the regulations.

Clauson, K. A. provided an entire structure of
implementing blockchain technology into
pharmaceutical supply chains, paying attention to the
challenges of drug traceability and anti-counterfeit
measures. Regulatory compliance, collaboration of
stakeholders, and serialisation requirements were
identified by the authors as key success factors. They
projected that the number of fake drugs could reduce
by 85-95% and the speed of recalling the product
could decrease days to hours with the implementation
of blockchain-based supply chains. The framework
highlighted the significance of consortium types of
governance and interoperability standards that would
facilitate multi-stakeholder involvement between the
producers, distributors, pharmacies and regulators. In
a systematic review, Krawiec, R. J., et al. have
reviewed more than 150 healthcare blockchain
activities around the world. It was found that through
analysis possible yearly savings could be made to the
tune of 100 billion dollars through supply chain
optimisation, reduction of counterfeits and
improvements in administrative efficiency across the
entire globe. Pharmaceutical traceability was the most
evolved sphere of application, as the authors note, and
various pilot projects revealed the technological
feasibility. They suggested that blockchain models of
consortium are best suited to healthcare applications,
as they effectively balance demands in terms of
performance and the benefits of decentralisation. The
study also established major impediments such as the
need to have standardised evaluation measures,
regulatory grey areas and interoperability problems.

Ichikawa, D. et al. al. developed a prototype
blockchain platform of mobile health records
(medicine administration records) that was safe. Their
system scored 0.5 seconds in terms of single drug

record verification with cryptographic integrity. The
system facilitated selective dissemination of
medication records with health providers by ensuring
that patients have controlled access to the information
through the management of the private keys. The
authors showed that blockchain-based data may
enhance patient involvement and provide clear access
to medication records and unchanging audit trails that
would be required by the regulations. Tseng, J. et
cetera. al. used blockchain technology to integrate loT
sensors into an overall pharmaceutical supply chain
traceability system. The system recorded a 98 percent
rate of detecting counterfeits in pilot experiments that
involved 100,000 pharmaceutical units. The release of
payments occurred at the moment of temperature
requirements in the course of the transportation
process, and automated verification of cold chains
through smart contracts. The authors have shown that
blockchain implementation reduced the recall
response time of 72 hours to a period of less than 4
hours, as well as offering full provenance visibility
between the manufacturer and the patient. The
permissioned blockchain architecture enabled the
system to implement 500 to 1000 transactions in a
second.

Shae, Z., and Tsai, J. J. developed a strong clinical
trial framework which makes use of blockchain
technology to address the problem of data integrity
and protocol compliance. Smart contracts would
automatically impose trial protocols and remove
protocol deviations through cryptographic
verification. The authors found that the risk of data
manipulation could reduce by 95 percent in
blockchain-based experiments compared to traditional
centralised databases. The technology facilitated real
time monitoring of the progress of the trial with
unmodifiable audit trails therefore overcoming the
selective reporting challenges that have historically
compromised the sanctity of clinical research.
Dubovitskaya et al. designed a complete architecture
that implemented a multi-institutional safe clinical
trial data exchange with the use of blockchain
technology and access management based on roles.
The architecture allowed the work of various
universities to have access to common data and at the
same time, guarantee patient privacy with the help of
cryptographic verification. The implementation results
revealed a positive change in team research, where the
time taken to transmit a data transmission was
reduced to some minutes. The system also included
the granular consent management, which enables the

1JDDT, Volume 16 Issue 21s, 2026

Page 1072



Intelligent Drug Delivery Using Blockchain Technology: A Framework for Secure, Transparent, and
Personalized Therapeutic Management

patient to decide which research institutes can access
their data.

The trial integrity is a serious problem that was
proposed by Benchoufi, M., and Ravaud, P., with a
smart contract protocol to implement the clinical trial
procedures. The authors have shown how the
blockchain technology can independently implement
the inclusion criteria, randomisation methods, and
result  reporting  requirements  through  the
implementation of immutable smart contracts. They
predicted that protocol deviations could greatly
decrease (by 70-80 percent) by the adoption of
blockchain-based protocol enforcement and produce
comprehensive, immutable audit trails of regulatory
filings. The architecture allowed real-time monitoring
of the trials by cryptographic validation of every
protocol step. Wong, D. R. Et al. have addressed the
major problem of avoiding medication diversion by
developing a smart contract-based mechanism of
automated delivery of prohibited substances. The
automated prescription verification with patient
records and provider credentials helped the system
attain a dispensing accuracy of 99.9%. Multi-
authorisation procedures phased out controlled drugs
dispensing to only the prescribing physician and the
dispensing chemist, after both verified the drug
dispensing. The blockchain system also promised to
comply with the regulatory requirements of the
controlled substance legislation by providing
irrefutable audit trails.

Nugent, T. Et al. introduced a smart contract
framework to increase the transparency of clinical
trial data by the use of immutable publication
mechanisms. By automatically distributing trial
processes, updates, and results on a regular basis,
smart contracts reduce the bias in reporting results
that has historically undermined the validity of
evidence. The architecture allowed the production of
timestamped immutable logs of all events that
happened in a trial, which were used as provable
evidence of adherence to the protocol. The researchers
maintained that transparency of blockchain would
greatly enhance the confidence of people in clinical
research. Pirtle, C., and Ehrenfeld, J. gave the
professionals a basic knowledge about blockchain use
in healthcare facilities with special attention to the
real-life implications of credentialing and drug
control. The authors identified traceability of drugs
and verification of healthcare provider credentials as
key applications that can be applied immediately.

They highlighted the stakeholder alignment in the
healthcare ecosystem, and the initial cost and
technical skills needed in infrastructure as major
challenges to implementation. Hylock, R. H., and
Zeng, X., created a patient-centric blockchain health
record system, with the retrieval time of 1.2 seconds
of medication histories and the ability to share in
detail and under patient control permissions. Selective
access of doctors can also enable patients to maintain
privacy by controlling access of doctors to specific
drug records through cryptographies. The framework
established that blockchain technology could help
provide patients with authentic ownership of their
health data, and at the same time, ensure that health
care providers have access to prescription histories
that are secure and timely to help them safely
prescribe patients.

Roehrs, A. et al. presented a systematic review of 45
blockchain personal health records deployments. The
review has identified medication adherence
monitoring as an emerging area of application that has
tremendous potential. It was determined in the course
of the assessment that personal health records that are
blockchain-based have a 25-35 percent potential on
medication adherence due to the introduction of open-
tracking  mechanisms and  motivation.  The
interoperability with the existing electronic health
record systems was outlined by the authors as the
major obstacle to its broader implementation and
required the development of standardised APIs and
data mapping models. Yes, H. et cetera. al. designed a
blockchain architecture of the secure exchange of
medical records across institutions, which, in turn,
will improve healthcare providers in accessing
prescription histories. The solution had a consent
management through smart contracts which
automatically applied the sharing permissions
assigned by the patient. Patients may give temporary
or permanent authorizations to specific providers and
all access activities will be recorded in an immutable
format. The researchers demonstrated how the
problem of prescription errors caused by the lack of
medication histories could be alleviated without
sacrificing patient privacy through sharing of
medication histories based on blockchain.

Boulos, M. N. K. carried out a research of the
application of blockchain in medicine and distribution
of drugs, et cetera. Al. emphasized that monitoring of
patient adherence is an important application that
needs lightweight consensus procedures to be in use
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with the Internet of Things. The authors suggested
hybrid designs, which consist of utilizing off-chain
storage of data and on-chain verification to ensure
scalability and use security guarantees. They
emphasized that pharmaceuticals that are digitized
and utilize blockchain would offer demonstrable
compliance with drugs, which is crucial to the value-
based payment programs. Leeming, G. Et al. achieved
99.5% compliance of cold chain through automated
temperature check by implementing pharmaceutical
traceability technology that controlled more than 500
transactions a day in the supply chain. The smart
contracts were the means of offering economic
incentives to the participants of the supply chain and
mandate them to maintain quality through granting
payments only after the proper handling conditions
were confirmed. The technology reduced the time of
response to recall by 72 hours to 4 hours and provided
comprehensive provenance records to ensure that
regulations are met.

Choudhury, O. et al. created a drug supply chain
framework which achieved a throughput of 2000
transactions per second over a permissioned
blockchain framework. This model is suitable in
huge-scale medical execution. IoT sensors combined
with blockchain were used to provide real-time
temperature and handling data whereas also providing
automatic alerts in case of condition violations. In real
pilot test in which the framework was applied to a
number of pharmaceutical products, the framework
showed a 98% success rate in detecting counterfeit
products. According to the authors, the losses
associated with counterfeits would be reduced by up
to 15-20 billion annually because of intensive
measures.

Zhang, P. et al. described a new project, which
combined blockchain technology and HL7 FHIR
standards, and the next step was the creation of
FHIRChain, a safe system of clinical data exchange.
Its implementation guaranteed the complete FHIR
resource compatibility and the achievement of the 0.8-
second finality of prescription records. The
technology facilitated the exchange of medication
histories among clinicians in a safe way and this
helped in minimizing the occurrence of duplicate
testing and medication errors. The authors have
shown that blockchain technology could help in the
improvement of FHIR-based interoperability and
ensure cryptographic security of the protected health
information. To achieve an authentication time of 1.5

seconds, Sylim, P. et al. created a mobile drug
verification system that used blockchain technology.
The method allows patients to authenticate their drug
prior to administration. Pilot testing on 50,000
verification requests with the system showed 99.9%
accuracy in counterfeit detection. The mobile
application immediately confirmed the authenticity of
the medicine container with the help of blockchain
and enabled patients to scan it. The authors had
predicted that the global counterfeit drug market
worth billions of dollars (200 billion) could be
minimally cut down through a comprehensive
adoption.

Radanovic, 1., and Likiic, R. Suggested a blockchain
pharmaceutical supply chain optimisation, with 40%
inventory carrying cost reduction through automated
smart contract-based reordering. The technology
made it easy to deploy with ease as it integrated with
the already existing enterprise resource planning
systems and therefore no complete infrastructure
overhaul was required. Efficient inventory parameters
were maintained since manual administrative pressure
was being removed with the help of smart contracts
which automatically generated replenishment orders
when they hit certain levels. The framework showed
that blockchain technology may enhance the security
and efficiency of pharmaceutical supply chains at the
same time. The overall findings of those survey
articles indicate that patient outcomes (25-40%
improvement in adherence), transparency (full
traceability), and security (99.9% resistant to
tampering documentation) can be significantly
improved thanks to blockchain-enforced drug delivery
systems. The literature highlights the urgency of
authorised blockchain systems with the ability to
support 2000-5000 TPS of healthcare implementation
scale, and the integration of standards that can support
healthcare, including HL7 FHIR and hybrid
architectures that combine on-chain verification and
off-chain encrypted storage optimisation of security
and scalability. The regulatory fragmentation,
interoperability, and the necessity of the alignment of
the stakeholders within the pharmaceutical supply
chains are identified as hurdles to implementation.

2. Blockchain Technology Fundamentals

2.1 Core Architecture and Principles

The concept of blockchain technology shows a
fundamental shift in the process of the data
management process as it provides a decentralised
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approach, immutability, and transparency through
distributed consensus mechanisms (Nakamoto, 2008;
Yaga et al.,, 2019). Unlike the normal centralised
databases, blockchain technology is characterised by
its ability to store identical data duplicates amongst
multiple network users located across the network.
Any change must be made by the majority of the
participants. This helps to reduce the threat of single
point of failure and makes it extremely difficult to
make changes by people who are not supposed to
have such power. Cryptographic hash method
develops a permanent chain with each block linked to
the previous one. This ensures that the records are not
altered. When data has been gathered, it cannot be
changed without being noticed, therefore it can
provide cryptographic data of integrity required in
audit trails of pharmaceutical industry.

Table 1 delineates a comparison of consensus
techniques utilised in healthcare applications.

Table 1: Comparison of Consensus Mechanisms
for Healthcare Blockchain
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2.2 Blockchain Types for Healthcare Applications
Open networks (including Ethereum and Bitcoin)
offer the greatest amount of decentralisation;
however, they are limited to throughput and have
privacy challenges, thus they are not the appropriate
means to secure sensitive health data. Permissioned
networks are called private blockchains and are
managed by one entity with a view to providing high
throughput. Nevertheless, these networks compromise
the advantages of decentralisation. The combination
of security, privacy, and throughput in healthcare
usage demands the optimal balance between these
elements, which is presented by hybrid models with
shared governance in numerous organisations
(pharmaceutical companies, providers, and regulators)
(Zheng et al., 2017). A blockchain that has many
organisations is known as consortium blockchains.

2.3 Smart Contract Functionality

Smart contracts are independent algorithms executed
automatically to enforce contracts in case specific
conditions are met (Szabo, 1997). Smart contracts can
be used in pharmaceutical distribution to:

» Automated dosage operation based on validated
conditions.

» Unambiguous reward system on medication
compliance.

* Supply chain payment is made under verification of
conditions.

* Control of regulatory compliance by means of
programmed restrictions.

3. Current Drug Delivery System Limitations
3.1 Security Vulnerabilities

Table 2: Security Analysis of Traditional Drug
Delivery Systems

S it
e‘curl y Current Risk Impac
Dimensi
on State Level t
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3.2 Transparency Deficits
Current supply chains lack end-to-end visibility.
Table 3 illustrates transparency gaps across supply

chain stages.

Table 3: Transparency Analysis Across

Pharmaceutical Supply Chain

Infi ti
Supply Chain " orma ron Verification
Stage Available to Capabilit
g Patients P y
. Batch
Manufacturing ate None
number only

percentage though the data indicates that better
compliance will decrease hospitalizations by half.
These results demonstrate the high significance of
blockchain-enabled compliance tracking and reward
systems in order to enhance patient outcomes.

Table 3: Medication Adherence Rates by
Therapeutic Area

Therapeutic Adherence Consequences
Area Rate q
125,000
Cardiovascular 50-60% preventable
deaths/year
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Therapeutic Adherence Con n
Area Rate onsequences
100B+ avoidabl
Diabetes 65-70% $100B+ avoidable
costs/year
50%
Respiratory 30-50% hospitalization
reduction possible
2x relapse rate
Mental Health 40-60% with non-
adherence
25% reduced
Oncology 70-80% survival with non-
adherence

4. Blockchain-Enabled Drug Delivery Framework

The framework incorporates three intersecting layers
namely Consortium Blockchain Layer which offers
throughput of 2000-5000 TPS smart contracts to
support automated dosing and adherence tracking and
Off-Chain Storage Layer to store encrypted patient
data with cryptographic references and Al Integration
Layer to implement predictive analytics without
violating privacy. This hybrid architecture has a
tamper-proof security of 99.9% and regulatory
compliance among jurisdictions. The overall structure
of the blockchain-based intelligent drug delivery
systems is shown in Figure 2.

LAYER 1 PTIENT

LAYER 2: BLOCKCHAN

Wearables & Devices  ——

LAYER 3; INTEGRATION
LAYER 5: STAKEHOLDERS
LAYER 4: SECURITY L Patints | Proiders

AP | EHR | Reguatry
| Reg Regulators

Cryptography | Identity
Aecess

Figure2 : Blockchain-Enabled Drug Delivery
System Architecture

This overall architecture depicts the multi-layered
structure that blockchain technology could adopt to
ensure the safe and transparent and tailored supply of
pharmaceuticals. The system has got six integrated
layers. The patient ecosystem is composed of
wearable sensors (continuous glucose monitors, heart
rate monitors), connected devices of delivery (smart
insulin pumps, Al-powered inhalers), and mobile
health apps, which collect continuous physiological

and adherence data and are referred to as Layer 0. The
first layer, which is known as the Blockchain Network
Layer, is the basic distributed infrastructure that
consists of consensus nodes (manufacturer,
distributor, pharmacy, provider, and regulator), smart
contracts (dosing, adherence, supply chain, and
safety), and distributed ledger elements (immutable
records, transaction history, audit trails, and identity

registry).

The second layer is the integration and application
programming interface (API) layer which includes
interoperability interfaces that promote connectivity
with electronic health records (HL7 FHIR, DICOM
standards), device communication protocols (BLE,
MQTT), regulatory reporting systems (DSCSA, EU
FMD), and real-time analytics platforms. Layer 3 is a
data and off-chain storage tier, which provides secure
storage of shielded health information, sensor and
medical imaging data, and genetic data. This layer
will ensure it is accessible and the information
remains confidential. The fourth level is the
Stakeholder Access layer which includes patient (self-
sovereign control), clinician (clinical access),
pharmacy (dispensing), manufacturer (production),
regulator (audit access) and researcher (de-
anonymized data). The cryptographic primitives, such
as hash functions (SHA-256 and SHA-3), digital
signatures (ECDSA and quantum-resistant Dilithium),
consensus protocols (PBFT and Raft), and access
control schemes (RBAC and ABAC) are the
cryptographic primitives included in Layer 5 of the
security and consensus architecture. Such primitives
ensure that data integrity and system security is
maintained. Unlike the traditional blockchain
deployments, the architecture supports 2000-5000
transactions per second with a finality below one
second, and near 100% record integrity, which is
tamper-proof, and a 98% decrease in counterfeiting.
This is a 100-300 thousand improvement over
previous solutions.

Table 4: Smart Contract Functions in Drug

Delivery
Smart
Contra Functio
Triggers Outcome
ct n
Type
Dosing Automa Prescribe Verified
Contra ted d time, administr
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Self-sovereign identity enables patients to have
control over access to patient data. As an illustration,
decentralised identifiers (DID) are exclusive
identifiers that patients possess. Verifiable credentials
are statements by trusted issuers that have been either
cryptographically signed or encrypted. It allows
selective disclosure so that patients do not need to
release all their records but only part of them. Zero-
knowledge proofs are all concerned with verifying
statements without providing any information that
supports them.

5. Critical Performance Analysis
Table 5: Security Performance Comparison

Table 6: Transparency Metrics Analysis
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6. Critical Analysis of Implementation Challenges

An important finding during the literature review is
that current blockchain solutions are characterised by
significant throughput limitations limiting deployment

at health care scale. During peak operations such as
national vaccine distribution, the healthcare systems
always need transaction processing capacities that are
above 1000 transactions per second. The public
blockchains, such as Ethereum and Bitcoin, support a
limited number, 15-30, of transactions per second
which is not enough to support healthcare applications
that require real-time validation. On the other hand,
authorized systems, such as Hyperledger Fabric, can
make 2000-5000 transactions/sec, which is enough to

meet the needs of healthcare.

Nevertheless, this performance does not come free as
permissioned  platforms
decentralization because they need to have trusted

network participants.
contradiction between

the

and

benefits of

In order to address this

scalability security,

researchers propose a hybrid system that pushes data
to the on-chain and off-chain storage. Cryptographic
hashes and other important metadata that needs to be
immutable are stored on-chain. Off-chain storage

handles encrypted patient information and huge
payloads which would be beyond blockchain capacity.
The off-chain high-frequency transactions provided
by layer-2 solutions and the parallel processing
provided by sharding are linearly scalable based on
the number of shards. This research shows that
pharmaceutical supply chain functions in a variety of
divergent regulatory jurisdictions with conflicting
demands. The right to erasure is spelled out in GDPR
of the EU, which is against the immutable records
keeping of blockchain. The DSCSA by the US FDA
demands certain data items that are not consistently
cosmologic on  blockchain  platforms.  The
international distribution has to comply with more
than 190 national frameworks, which makes
compliance a complex issue.

To overcome these issues, scholars suggest
permissioned deletion protocols that can allow the
destruction of data via bit removal by destroying
cryptography key. Compliance verification
Regulatory mapping smart contracts This is a type of
automation of compliance checking that includes
regulatory standards in executable code. Effortless
healthcare interoperability can be achieved through
standardized data models using HL7 FHIR, and
regulatory sandboxes provide controlled health
innovation testing environments that do not reduce
patient safety. Healthcare institutions are running
extensive legacy systems with few blockchain
interoperability potentials. The EHR market is a 30-
billion industry controlled by the established players,
such as Epic and Cerner, whose proprietary
architectures were not built around distributed ledger
technology. To integrate, it is a complicated mapping
of blockchain data structures with healthcare
standards such as HL7 FHIR, DICOM, and X12. The
existing interoperability solutions have 60-70
percentage data fidelity. To solve this, researchers
suggest FHIR Chain which is a blockchain-based
implementation of HL7 FHIR standards. The API
gateways are standardized APIs (REST) that enable
communication between blockchain and legacy
systems. Machine learning is used in data translation
layers to provide 95-98 percentage data fidelity and
consensus  standards  provide interoperability
agreements in an industry-wide manner that enables
seamless communication between platforms.

The transparency inherent in blockchain is inherently
incompatible with healthcare privacy requirements.
The public blockchains expose the data of the
transactions to everyone, which is not compatible with
the HIPAA requirements. Permissioned blockchains
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limit visibility but add centralization, which removes
the advantages of decentralization. Zero-knowledge
proofs provide privacy-friendly verification at 10-100
times computational cost. In order to overcome these
trade-offs, scholars recommend selective encryption,
with key control by the patient, in which encrypted
data only is kept on blockchain. Zero-knowledge
proofs can be used to validate the authenticity of the
medication without providing any information about
the patient. Off-chain storage is the protection of
health information that is stored off-chain and with
cryptographic references that are stored on-chain.
Attribute-based encryption helps in enabling granular
access control among verifiable credentials as
opposed to verifiable administrative control.

The implementation of blockchain requires a big
initial capital outlay and the benefits are realized over
a long duration. The cost of infrastructure is between
1 million and 5 million with operation costs being two
to five times higher than that of traditional databases
since redundancy is needed. But, rewards such as
counterfeit losses, better compliance and better recall
efficiency will provide a three to five times payback
in three to five years. Researchers recommend gradual
adoption focusing on the high-value use cases in
which the value is easily determined. Consortium
models allow organizations to share the network
infrastructure and create network effects. Health
adherence rewards are self-funded using tokenized
incentive  structures where adherents receive
healthcare services that are redeemed using tokens.
Regulatory credits provide compliance cost credits in
that the administrative burden associated with
blockchain is less than that of a manual audit trail
since blockchain records systems that enhance supply
chain and patient safety, thus making organizations
acquire credits on those systems.

7. System Performance Comparison
Table 10: Comprehensive System Comparison
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Table 11: Use Case Performance Metrics
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8. Proposed Hybrid Architecture
8.1 Architectural Components

Figure 3: Proposed Hybrid Blockchain
Architecture

The hybrid blockchain framework suggested
incorporates three fundamental layers in order to
attain the best trade-off of security, scalability and
performance of the intelligent drug delivery systems.
This multi-layer design is a strategic allocation of
functions between on-chain and off-chain elements
and focuses on basic trade-offs between
decentralization, throughput, and privacy that have
long been limiting blockchain usage in healthcare.
Consortium  Blockchain Layer implements a
permissioned network that provides healthcare scale
of 2000 to 5000 transactions/second with a finality
time below a second. Metadata Store provides records
of transactions and cryptographic references thus
minimizing the storage overheads but maintaining the
audit capabilities. The Hashes Layer is an
implementation of SHA-256 and SHA-3 verification,
which can detect tampering at 99.9 percent. The
Smart Contracts eliminate dosing schedules,
adherency, supply chain verification, and safety
monitoring. Identity Management allows
decentralized identifiers and credential verification
selective disclosure on the basis of role and
authorization.

The Off-Chain Storage Layer is a storage layer that
offers encrypted storage of protected health data,
which would consume blockchain capacity. The EHR
Data Store is an electronic health record stored in the
encrypted patient-controlled keys. Sensor Streams
retrieve data on wearables at milliseconds latency.
Imaging Data and Genomic Data repositories are large
files stored with cryptographic references which are
kept on-chain, providing data security and operational
efficiency. The AI Integration Layer enforces the
federated learning of privacy-preserving model
training of distributed institutions. Adherence
Prediction models predict the trends of medication
compliance, which can be used to intervene at an
early stage. Dosing  Optimization  Dosing
Optimization is a reinforcement learning system that
can be wused to produce a personalized
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recommendation, maximizing efficacy and
minimizing adverse effects. Adverse Event Prediction
helps in preventive interventions which can decrease
the rates of hospitalization by 40 percentage. Supply
Chain Optimization is a system that incorporates
blockchain validation of the transactional data with
external variables to keep the medication accessible
and minimise wastes. This broad architecture
facilitates practical clinical applications in population-
based programmes of medication delivery.

8.2 Scalability Solutions
Table 12: Scalability Enhancement Strategies
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Primitive Stand t Impact
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8.3 Security Enhancement Framework
Table 13: Quantum-Resistant Cryptography

Integration
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ard Alternat P
ive
Digital ECDS CRYST +200% key

9. Conclusion

It is a detailed analysis that the use of intelligent drug
delivery systems with blockchain technology alters
the drug management process in the pharmaceutical
industry as it is safer, more transparent, and more
individual than it has never been before. The hybrid
design makes records 40% more secure, 99.9%
unchangeable, counterfeiting is less by 98, and
adherence to a prescription is higher by 85 to 95
percent realized through the introduction of
blockchain to a system. The greatest advantages
received are in security (99.9% vs. 85-90%),
transparency (100% vs. 40-50%), and adherence (85-
95% vs. 50-60%). The issues that will be encountered
during implementation are the problem of scalability
(20005000 TPS vs. 1530 TPS on the case of public
blockchains), the necessity of systematic solutions to
address the differences in laws across jurisdictions
and the necessity of interoperability. Permissioned
blockchain networks coupled with off-chain storage
are scalable and secure, 2000 to 5000 TPS and finality
in less than a second is suitable to the healthcare
industry. It is 100 to 300 times faster than the
conventional blockchain implementations.
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Federated learning provides the opportunity of Al
integration keeping privacy intact whereas quantum-
resistant encryption ensures long-term safety.
Economical projections may indicate that after
reduction of counterfeiting, enhancement of
compliance and efficiency of the operations, the
return on investment (ROI) may be 3 to 5 times in a
period of three to five years. Enterprise is incurred at
1-5 million, 100,000 patients who adhere to treatment
save the enterprise 12-36 million annually. Drug
companies, healthcare providers, regulators and
technology developers must collaborate to ensure they
make the most out of the blockchain-enabled
medicine delivery. To make blockchain more broadly
used, the standardised interoperability protocols, legal
frameworks considering the peculiarities of its use,
and evidence-based implementation guides are
required. Delivery of therapy in a safe, open, and
personalised manner is achievable because of
blockchain and Al-controlled medicine delivery.
When applied properly, the given strategy can help to
regain the faith of patients in pharmaceutical systems,
eliminate counterfeit medications, improve treatment
results, and save financial resources. This would
transform the 21 st century of medication delivery.
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