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Abstract

Vaccine development and manufacturing have become increasingly complex due to the emergence of
diverse vaccine platforms, stringent regulatory expectations, and global demand for safe and effective
immunization. Across the vaccine lifecycle — from antigen design and preclinical evaluation to
large-scale manufacturing and post-marketing surveillance — pharmaceutical software now plays a
central role in handling data, optimizing processes, and ensuring regulatory compliance. Software tools
support in silico antigen and epitope design, formulation optimization using design of experiments,
management of clinical trial and pharmacovigilance data, and rigorous control of sterile
manufacturing under current Good Manufacturing Practices (¢cGMP) and Quality by Design (ObD)
frameworks. In industrial settings, systems, such as Manufacturing Execution Systems (MES),
Enterprise Resource Planning (ERP), Quality Management Systems (OMS), Laboratory Information
Management Systems (LIMS), and advanced analytics platforms, enable real-time monitoring, batch
traceability, predictive maintenance, and data-driven decision making in vaccine production facilities.
This article reviews key categories of pharmaceutical software, their functions, and their contribution
to process optimization in vaccine development and manufacturing, highlighting how digital tools
enhance efficiency, quality, and regulatory assurance while supporting rapid, scalable responses to
infectious disease threats.
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INTRODUCTION

Vaccines remain one of the most effective public health interventions for preventing infectious
diseases and reducing associated morbidity and mortality worldwide. The rapid expansion of vaccine
platforms — including live-attenuated, inactivated, subunit, conjugate, viral vector, and nucleic acid
(DNA/mRNA) vaccines — has dramatically increased the scientific and technological complexity of
vaccine pipelines. At the same time, regulatory bodies, such as the World Health Organization (WHO),
the United States Food and Drug Administration
(FDA), the European Medicines Agency (EMA),
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and the International Council for Harmonization
(ICH), have strengthened expectations for robust
process understanding, risk management, and
lifecycle control in vaccine manufacturing. Meeting
these expectations requires reliable management of
large, heterogeneous data sets spanning in silico
design, cell culture, purification, formulation,
filling, quality control, clinical evaluation, and
post-licensure safety monitoring [1].

Pharmaceutical software has emerged as a critical
enabler to meet these challenges across the vaccine
value chain. In early research, computational tools
support antigen and epitope selection, structural
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modeling, and prediction of immunogenicity and stability. During development and scale-up, process
modeling, design of experiments (DoE), and advanced control software help define optimal operating
ranges for key variables, such as temperature, pH, dissolved oxygen, agitation speed, and excipient
concentrations, to achieve consistent antigen yield and potency. In clinical and post-marketing phases,
electronic data capture, clinical trial management systems, and pharmacovigilance platforms facilitate
systematic collection and analysis of safety and efficacy data, including the detection of rare adverse
events. Within manufacturing facilities, integrated digital ecosystems — including MES, ERP, QMS,
LIMS, and analytics tools — provide real-time visibility, enforce procedures, and ensure full traceability
from raw materials to finished vaccine lots.

This article focuses on how pharmaceutical software contributes specifically to vaccine development
and manufacturing process optimization. It describes key software categories, outlines digital
“ingredients” that underpin advanced process control, and explains the benefits of software-driven
optimization for operational efficiency, regulatory compliance, and public health outcomes [2].

PHARMACEUTICAL SOFTWARE IN THE VACCINE LIFECYCLE

Pharmaceutical software in the vaccine context refers to specialized digital tools and platforms that
support activities from antigen discovery through commercial manufacturing and post-marketing
surveillance. These applications are designed to assist vaccine scientists, bioprocess engineers, quality
professionals, clinicians, and regulators in managing complex data flows, executing standardized
procedures, and making informed decisions under strict regulatory requirements.

In early discovery, immune-informatics and molecular modeling software help identify promising
antigens and epitopes, predict their structural properties, and assess their likelihood of eliciting
protective immune responses. For example, algorithms can screen pathogen genomes to locate
conserved regions suitable for vaccine targets, while structural tools evaluate epitope exposure and
stability in candidate constructs. During formulation development, DoE-based platforms allow
systematic variation of excipients, adjuvants, and processing conditions to optimize vaccine stability,
potency, and safety profiles with fewer experimental runs [3].

As candidates progress into clinical evaluation, specialized software manages protocol design,
subject enrollment, randomization, data capture, and statistical analysis, ensuring integrity and
traceability of immunogenicity and safety outcomes. Pharmacovigilance systems continue this data
management into the post-marketing phase, integrating real-world evidence from adverse event
reporting, electronic health records, and registries. In parallel, software frameworks for computer
system validation, data integrity, and electronic submissions (e.g., eCTD) help align vaccine
development programs with regulatory standards and support efficient dossier preparation and review.

VACCINE MANUFACTURING AND MODEL-BASED OPTIMIZATION

Vaccine manufacturing involves multiple stages, including upstream antigen production (cell culture
or fermentation), downstream purification, formulation with stabilizers and adjuvants, aseptic filling,
lyophilization where applicable, and packaging. Each stage must operate within narrow control ranges
to ensure that critical quality attributes — such as potency, purity, sterility, and identity — consistently
meet predefined specifications. Model-based approaches, supported by adequate software tools, provide
a systematic way to understand and optimize these interconnected operations.

In this context, process models can describe cell growth and productivity, impurity clearance during
chromatography, shear-sensitive antigen behavior, and the impact of thermal profiles on vaccine
stability. By integrating these models with optimization and control algorithms, manufacturers can
explore design spaces, evaluate “what-if”” scenarios, and identify robust operating conditions under QbD
principles. Moreover, process analytical technology (PAT) frameworks, implemented via software,
facilitate real-time measurement and feedback control of critical parameters, which is particularly
important in continuous or semi-continuous vaccine production lines [4].
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Recent advances in digitalization and automation have further expanded the potential of model-based
optimization in vaccine facilities. High-fidelity simulators, coupled with historical and real-time data,
support debottlenecking, scale-up, and technology transfer between development and commercial sites.
In addition, machine learning models, trained on large data sets from multiple batches and sites, are
increasingly used to predict deviations, anticipate equipment failures, and suggest adjustments that
preserve product quality and yield.

INGREDIENTS FOR OPTIMIZATION AND CONTROL IN VACCINE MANUFACTURING
This section outlines key developments that underpin effective digital optimization and control of
vaccine processes.

Software Tools and Algorithms

Modern software platforms integrate numerical methods, optimization routines, and control
algorithms that allow vaccine manufacturers to rapidly build and deploy computational tools in their
development workflows. These tools can solve differential-algebraic systems representing bioreactors,
chromatography columns, or lyophilization cycles, and they can be embedded into optimization
frameworks that search for operating conditions that balance yield, quality, and robustness. In vaccine
manufacturing, such capabilities are used to tune parameters like feed rates, temperature ramps, buffer
compositions, and hold times to satisfy both process performance and stability constraints [5].

Three notable trends have accelerated the adoption of computational resources in vaccine
development and production. First, the increasing availability of domain-specific libraries and modeling
environments has lowered the barrier for constructing mechanistic or hybrid models relevant to vaccine
operations. Second, integration with enterprise systems and PAT tools enables these models to interact
with actual process data in near real time, supporting digital twins and advanced control strategies.
Third, the convergence of deterministic modeling with data-driven methods (e.g., machine learning)
has opened new possibilities for capturing complex behaviors that are difficult to describe analytically
such as cell line variability or non-linear degradation phenomena.

Open-Source Ecosystems

Open-source software has become an important resource for both academic and industrial groups
working on vaccine processes. Many researchers now publish not only their results but also the
underlying code, allowing others to reproduce simulations, adapt models, and extend functionalities to
vaccine-specific applications. Open repositories support communities around process modeling,
numerical solvers, optimization frameworks, and control libraries, which can be adapted for bioreactor
design, purification sequence optimization, or cold-chain simulations relevant to vaccines [6].

For vaccine manufacturers, open-source tools offer flexibility and transparency, although they often
require in-house expertise for validation and maintenance under regulated conditions. These tools can
complement commercial platforms by enabling rapid prototyping of new models or algorithms before
they are migrated to validated environments. Open-source initiatives also foster collaboration between
process engineers, applied mathematicians, and informatics specialists, promoting cross-disciplinary
innovations that support safer and more efficient vaccine production.

Ease of Use and Accessibility

The usability of scientific software has improved markedly, which is crucial for multidisciplinary
vaccine teams. Many modern packages are implemented in accessible languages and provide
user-friendly interfaces, extensive documentation, and interactive examples, making it easier for
biologists, pharmacists, and engineers to incorporate modeling and analytics into their daily work. This
accessibility is further enhanced by graphical user interfaces and web-based applications that abstract
away underlying code but still provide full control over simulation and analysis options [7].

For vaccine manufacturing organizations, ease of use translates into wider adoption of digital tools
across departments, from R&D and scale-up to quality control and regulatory affairs. Training
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materials, community forums, and vendor support help users interpret model outputs correctly and
integrate them into decision-making processes such as defining design spaces, optimizing cleaning
cycles, or assessing the impact of process changes on vaccine quality.

Diverse Capabilities for Vaccine Applications

The ecosystem of software tools relevant to vaccine development and manufacturing now covers a
broad range of functions, including thermodynamic calculations, multiphysics simulations,
optimization, model predictive control, and advanced data analysis. For example, partial differential
equation solvers support modeling of mass and heat transfer during freeze-drying of vaccine
formulations, while population balance models describe particle or droplet size distributions in
emulsified or particulate vaccines. In addition, dedicated optimization suites and control engines can
implement real-time optimization or model predictive control strategies in bioreactors and downstream
operations.

These developments are essential in vaccine manufacturing, where tight control of process conditions
is required to ensure consistent antigen structure and potency. Software platforms can also be used to
design and test control strategies in silico before deployment, reducing the risk of disturbances in live
production. As digitalization continues to advance, both open-source and commercial tools are evolving
to better address vaccine-specific needs, such as multi-modal formulations, cold-chain robustness, and
rapid scale-up during public health emergencies [8].

SOFTWARE FUNCTIONS FOR PROCESS OPTIMIZATION IN VACCINE PRODUCTION
A variety of software functions directly support optimization of vaccine manufacturing processes by
improving monitoring, analysis, planning, and simulation.

Real-Time Monitoring and Alerts

In modern vaccine plants, software linked to sensors and Internet-of-Things (IoT) devices
continuously tracks critical parameters such as temperature, pH, dissolved oxygen, agitation speed,
pressure, and environmental conditions in cleanrooms. When monitored values deviate from predefined
ranges, the system generates alerts that prompt operators to take corrective actions before deviations
compromise vaccine quality or sterility. Similar capabilities extend to cold-chain management, where
temperature-monitoring software helps maintain required conditions during storage and distribution of
vaccines.

Data Analysis and Predictive Analytics

Advanced analytics and artificial intelligence (Al) enable vaccine manufacturers to extract insights
from large volumes of process, quality, and clinical data. By combining historical batch records,
real-time measurements, and laboratory results, data-driven models can identify root causes of
deviations, quantify the influence of process variables on critical quality attributes, and forecast future
performance indicators such as yield or potency. Predictive analytics can also anticipate equipment
failures or contamination risks, allowing preemptive maintenance or intervention that avoids unplanned
downtime and batch losses.

Resource and Production Planning

Resource planning software supports the design of efficient production schedules for vaccine lines,
taking into account fermentation or cell culture times, purification capacity, filling line availability, and
cleaning or changeover requirements. By integrating demand forecasts, inventory levels, and lead times,
these tools help manufacturers align capacity with routine immunization programs and potential surge
requirements during outbreaks. The resulting plans minimize idle time, reduce bottlenecks, and ensure
that necessary raw materials — such as culture media, adjuvants, and vials — are available when needed

[9].
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Batch and Product Lifecycle Tracking

End-to-end traceability is essential in vaccine manufacturing because each lot must be fully
documented from raw material receipt to final distribution. Software systems that manage batch records,
material genealogy, and deviation histories provide a comprehensive view of each vaccine lot’s
lifecycle. This capability supports lot release decisions, regulatory inspections, and rapid responses to
potential safety signals, including targeted recalls when necessary. Lifecycle tracking also enables
continuous improvement initiatives by correlating process and material changes with quality outcomes
over time.

Digital Twins and Simulation

Digital twins — virtual representations of physical processes or entire manufacturing lines — are
increasingly used to evaluate and optimize vaccine production scenarios before changes are
implemented on the shop floor. By coupling mechanistic models with real-time data, digital twins can
simulate the effects of adjustments to process parameters, equipment configurations, or control
strategies on vaccine yield, quality, and cycle times. Similar simulation approaches are applied to
cold-chain logistics, enabling assessment of packaging options, transport routes, and contingency plans
to maintain vaccine integrity throughout distribution.

BENEFITS OF USING SOFTWARE IN VACCINE DEVELOPMENT AND
MANUFACTURING

The systematic use of pharmaceutical software across the vaccine lifecycle offers multiple
interconnected benefits.

Improved Efficiency and Cost Reduction

By automating routine tasks, optimizing process parameters, and coordinating resources, software
tools shorten development timelines and improve manufacturing throughput. Efficient planning and
predictive maintenance reduce idle time and unplanned downtime, while optimized processes use raw
materials, utilities, and labor more effectively. These factors together help lower the overall cost per
vaccine dose without compromising quality or safety.

Enhanced Quality and Regulatory Compliance

Electronic batch records, audit trails, electronic signatures, and validated calculation engines help
ensure that vaccine manufacturing activities comply with ¢cGMP, QbD, and relevant regulatory
guidelines. Software-driven standardization of procedures reduces variability in execution, making it
easier to demonstrate control over critical process parameters and quality attributes during inspections
and submissions. In addition, integrated systems that link production, quality control, and
documentation streamline the preparation of regulatory dossiers and responses to authority queries [10].

Proactive Problem-Solving

Real-time monitoring, alerts, and predictive analytics allow vaccine manufacturers to identify
emerging issues before they escalate into deviations or batch failures. Early detection of trends, such as
gradual drifts in sensor calibration or declines in cell culture performance, enables timely interventions
that safeguard product quality and supply continuity. This proactive approach is particularly important
for vaccines, where demand may be high and supply disruptions can have immediate public health
consequences.

Informed Decision-Making

Dashboards and reporting tools consolidate relevant information from multiple systems — including
MES, ERP, QMS, LIMS, and clinical databases — into concise, decision-oriented views. Managers and
technical leaders can evaluate performance indicators, compare scenarios, and prioritize investments
based on objective data, rather than relying solely on experience or intuition. Over time, this data-driven
culture supports continuous improvement, enabling vaccine organizations to refine their processes and
respond more quickly to evolving regulatory, scientific, and market conditions [2].
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SOFTWARE TYPES AND THEIR ROLES IN VACCINE MANUFACTURING
Multiple classes of software work together to support vaccine development and manufacturing.

Manufacturing Execution Systems (MES)

MES platforms connect high-level planning systems with equipment and operators on the
manufacturing floor, orchestrating the execution of vaccine production activities in real time. They
guide operators through defined procedures, enforce recipe steps, capture in-process data, and generate
electronic batch records that document each stage of antigen production, purification, formulation, and
filling. MES applications also flag out-of-specification events and deviations as they occur, enabling
immediate investigation and corrective action in line with cGMP expectations.

Enterprise Resource Planning (ERP)

ERP systems integrate core business functions — including procurement, inventory management,
production planning, finance, and distribution — into a unified platform that supports strategic and
operational decisions for vaccine manufacturers. By linking demand forecasts, production schedules,
material requirements, and financial data, ERP platforms help ensure that critical components, such as
antigens, adjuvants, vials, stoppers, and packaging materials, are available when needed. This
integration reduces the risk of supply disruptions and supports efficient planning for routine
immunization as well as surge production during outbreaks or pandemics [4].

Quality Management Systems (QMS)

QMS software manages quality-related processes such as document control, training, change
management, deviations, investigations, and corrective and preventive actions (CAPA). In vaccine
manufacturing, these systems help maintain up-to-date procedures, ensure personnel are qualified for
their roles, and provide a structured framework for handling any quality events that arise. Robust QMS
implementation supports regulatory compliance, fosters a culture of quality, and promotes consistent
application of risk-based approaches across the organization.

Laboratory Information Management Systems (LIMS)

LIMS platforms are essential for managing the laboratory workflows that support vaccine
development and production, including analytical method development, in-process testing, release
testing, and stability studies. They track samples, schedule and record test results, manage instrument
calibration and maintenance, and link analytical data to specific batches and materials. For vaccines,
LIMS helps coordinate complex test panels — such as potency assays, sterility tests, endotoxin
assessments, and stability evaluations — ensuring data integrity and alignment with Good Laboratory
Practice (GLP) and cGMP requirements.

Data Analytics and Business Intelligence (BI) Software

Analytics and BI tools compile and analyze data from diverse sources, transforming raw information
into actionable insights for vaccine organizations. These platforms can visualize trends in yield,
deviation rates, complaint patterns, or adverse event reports, and they often incorporate statistical or
machine learning methods for deeper analysis. By providing flexible dashboards and reports tailored to
different user groups, analytics and BI software supports operational monitoring, strategic planning,
and continuous improvement across the vaccine lifecycle [1].

SOFTWARE-ENABLED OPTIMIZATION OF VACCINE MANUFACTURING
Software-driven approaches enhance multiple aspects of vaccine manufacturing by automating tasks,
improving control, and leveraging data for smarter operations.

Automation and Efficiency

Automation enabled by software reduces manual data entry, paper-based documentation, and
repetitive calculations, allowing personnel to focus on higher-value scientific and engineering activities.
In vaccine plants, automated workflows can handle activities, such as recipe management, batch

© STM Journals 2026. All Rights Reserved 6



International Journal of Vaccines
Volume 3, Issue 1
ISSN: 3048-5681

execution, environmental monitoring, and data aggregation, leading to faster cycle times and lower risk
of transcription errors. As a result, organizations can increase throughput and responsiveness while
maintaining or improving compliance.

Enhanced Compliance and Traceability

Pharmaceutical software supports stringent regulatory requirements applicable to vaccines, including
electronic records and signatures, audit trails, role-based access control, and comprehensive traceability
of materials and activities. These features help demonstrate that each dose of vaccine has been produced
and tested in accordance with approved procedures, and they provide the level of transparency that
regulators expect during inspections and audits. Robust traceability also facilitates efficient
management of potential safety concerns, as specific lots can be quickly traced and investigated if
needed [6].

Real-Time Visibility and Data Integrity

Centralized data repositories and integrated systems create a single, reliable source of truth for
vaccine organizations, reducing inconsistencies across departments. Real-time visibility into key
indicators — including equipment status, batch progress, inventory levels, and quality results — enables
faster responses to emerging issues and better coordination across development, manufacturing, and
quality functions. Strong data integrity practices, supported by validated software, underpin trustworthy
analytics and decision-making, which are essential for maintaining public confidence in vaccine safety
and effectiveness.

Predictive Analytics and Artificial Intelligence

The integration of predictive analytics and Al into vaccine manufacturing systems allows
organizations to move from reactive to anticipatory modes of operation. Machine learning models can
identify subtle patterns that precede deviations, equipment malfunctions, or shifts in product quality,
enabling preemptive actions that protect both product and schedule. In addition, Al-assisted analysis of
clinical and pharmacovigilance data can support continuous evaluation of vaccine benefit-risk profiles,
contributing to evidence-based updates of immunization policies and labeling [2].

CONCLUSION

Pharmaceutical software has become integral to contemporary vaccine development and
manufacturing, providing the digital infrastructure needed to manage complexity, maintain quality, and
respond quickly to evolving health challenges. From immune-informatics tools that guide antigen
selection to integrated MES, ERP, QMS, LIMS, and analytics platforms that orchestrate large-scale
production, digital systems enable systematic application of QbD, cGMP, and risk-based principles
throughout the vaccine lifecycle. By supporting real-time monitoring, predictive analytics, digital twins,
and comprehensive traceability, software not only optimizes processes and reduces costs but also
strengthens regulatory compliance and public trust in vaccination programs. Continued innovation in
modeling, open-source ecosystems, and Al is expected to further enhance the robustness and agility of
vaccine supply, helping to ensure that safe, effective, and high-quality vaccines remain available to
populations worldwide.
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