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Abstract 
Pharmaceutical Quality Control (QC) is a fundamental component of the pharmaceutical quality management 

system that ensures medicinal products consistently comply with established standards of identity, purity, potency, 

safety, and efficacy. The primary objective of quality control is to evaluate raw materials, intermediate products, 

packaging materials, and finished pharmaceutical products using scientifically validated analytical methods and 

regulatory requirements before commercial distribution. Recent advancements in pharmaceutical manufacturing 

have significantly enhanced quality systems through the implementation of Good Manufacturing Practices 

(GMP), Quality by Design (QbD), Process Analytical Technology (PAT), risk-based quality management, and 

advanced analytical techniques such as High-Performance Liquid Chromatography (HPLC), Gas 

Chromatography (GC), Liquid Chromatography–Mass Spectrometry (LC–MS), and UV–Visible spectroscopy. 

This review provides a comprehensive overview of the fundamental principles of pharmaceutical quality control, 

international regulatory guidelines, analytical methodologies, stability studies, quality assurance systems, 

process validation, and emerging technological developments in pharmaceutical manufacturing. The review also 

discusses the role of artificial intelligence, automation, continuous manufacturing, and digital quality systems in 

improving manufacturing efficiency, analytical accuracy, regulatory compliance, and patient safety. 

Furthermore, current challenges and future perspectives in pharmaceutical quality control are highlighted, 

emphasizing the importance of integrating advanced quality management strategies to ensure the consistent 

production of safe, effective, and high-quality pharmaceutical products throughout their lifecycle. 
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I. Analytical Test Introduction 
Quality control (QC) is the foundation of pharmaceutical manufacturing, ensuring every medicine meets 

rigorous standards for safety, efficacy, and consistency. This document provides an overview of QC functions, 

regulatory frameworks, analytical methods, and current industry trends in industrial pharmacy. 

 

Core QC Functions & Steps 

QC in pharmaceutical manufacturing covers the following key areas: 

● Identity testing — confirms the drug substance is what it claims to be 

● Assay/potency — verifies the amount of active ingredient meets specification 

● Purity/impurities — detects and quantifies degradation products, process impurities, and contaminants 

● Dissolution — ensures the drug releases properly from the dosage form 

● Microbial testing — checks for bacterial/fungal contamination 

● Physical testing — tablet hardness, moisture, particle size, appearance 
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Pharmaceutical QC Process Flow 

The following flowchart illustrates the comprehensive quality control process from raw materials 

through final product release: 

 

 
(Figure 1): QC Process Flow - This flowchart shows the sequential steps from raw material inspection through 

manufacturing, in-process testing, final QC analysis, and product release decision 

 

Current Standards & Regulations (2025) 

USP (United States Pharmacopeia) 2025 Updates 

The United States Pharmacopeia introduces a revised publication model with Accelerated Revisions and 

In-Process Revisions, enabling faster implementation of updates on contaminant limits, excipient specifications, 

and analytical methods. Key points include: 

● Over 95% of FDA-regulated pharmaceuticals reference USP monographs, making it essential for QC labs and 

GMP teams 

● USP monographs define specifications and validated methods for identity, strength, quality, and purity 

● Major 2025 change: USP overhauled its Talc monograph (effective December 1, 2025) to strengthen asbestos 

detection by coupling X-ray powder diffraction with polarized light microscopy 

● Starting July 25, 2025: New publication model includes faster implementation of emerging safety data and 

regulatory updates 

 

Regulatory Focus (2025–2026) 

● FDA August 2025 Guidance: AI-Enabled Device Software introduces a predetermined change control plan 

(PCCP) framework relevant for AI applications in pharmaceutical manufacturing and quality systems 

● FDA September 2025 Guidance: Computer Software Assurance shifts pharmaceutical validation from 

documentation-heavy approaches to risk-based, critical-thinking frameworks for LIMS, manufacturing 

execution systems, and quality management software 

● Enhanced focus on manufacturing quality and cGMP adherence across FDA oversight 

● International harmonization through improved ICH guidelines related to the Common Technical Document 

(M4Q) and stability testing (Q1/Q5C) 
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Key Analytical Methods 

QC Testing Methods & Analytical Instruments 

The following diagram illustrates the various QC testing methods and analytical instruments used in 

pharmaceutical quality control: 

 

 
(Figure 2): QC Testing Methods - This diagram shows the six major categories of QC testing (Identity, Assay, 

Purity, Dissolution, Microbial, Physical) and the key analytical instruments used (HPLC, LC-MS/MS, GC-MS, 

UV-Vis, XRPD). 

 

HPLC (High-Performance Liquid Chromatography) 

HPLC remains the workhorse for pharmaceutical QC analysis: 

● USP monographs commonly specify HPLC methods for assay and impurity testing with defined system 

suitability expectations 

● USP now allows modernization of HPLC methods with improvements to particle size (from 5 µm to 2.5–1.9 

µm), column length, and inner diameter 

● Modernized methods enable faster analysis times and reduced solvent consumption, lowering operational costs 

● Example: COVID-19 antiviral drugs determined using RP-HPLC achieved recovery values of 99.98–100.7% 

with excellent environmental performance scores 

 

Nitrosamine Detection (Emerging Contaminant Concern) 

Nitrosamine impurities have become a regulatory priority: 

● European Pharmacopoeia chapter 2.5.42 describes three analytical methods: HPLC–MS/MS, GC–MS, and 

GC–MS/MS 

● USP monograph <1469> adds four additional methods: LC–HRMS, headspace GC–MS, LC–MS/MS, and GC–

MS/MS 

● Supercritical fluid chromatography (SFC) offers a sustainable alternative, capable of separating 16 different N-

nitrosamines within 4 minutes 

● FDA September 2024 issued Control of Nitrosamine Impurities guidance emphasizing rigorous testing 

requirements 

 

Manufacturing to QC to Product Release 

The complete pathway from pharmaceutical manufacturing through quality control to final product 

release is illustrated below: 

 

 



Quality Control In Pharmaceutical Manufacturing…….. 

DOI: 10.9790/ 3008-2104021220                              www.iosrjournals.org                                               15 | Page 

 
(Figure 3): Manufacturing to QC to Product Release - This flow diagram demonstrates the integrated process 

from raw material acquisition through manufacturing, in-process QC testing, final QC analysis, quality 

assurance, and final product release to market 

 

Quality Management Priorities (2024–2025) 

Strategic QC Goals 

Pharmaceutical QC goals include: 

● Implement automated quality checks and adopt cloud-based quality management software 

● Utilize AI-powered tools for data analysis, anomaly detection, and predictive maintenance 

● Establish a risk-based data integrity program across all departments with regular audits to identify and address 

vulnerabilities 

● Enhance cross-functional collaboration between QC, R&D, and manufacturing to reduce product variability 

 

Quality by Design (QbD) Implementation Challenges 

Despite its importance, QbD adoption faces significant hurdles: 

● A 2024 survey revealed most QA personnel lack formal training in QbD tools such as risk assessment matrices 

and Design of Experiments (DoE) 

● Many organizations continue to rely on legacy protocols rather than transitioning to science-driven 

methodologies 

● Organizational resistance and entrenched hierarchical decision-making can impede cross-departmental 

collaboration 

● Regulatory agencies now emphasize continuous process improvement and real-time monitoring rather than 

end-product testing alone 

 

Core QC Objectives 

● Patient Safety: Quality control ensures medications are free from contamination and impurities, protecting 

patients from adverse effects 

● Product Efficacy: QC verifies potency and performance through in-process testing (PAT), assays, and stability 

studies 

● Regulatory Compliance: Adherence to GMP and standards set by regulatory bodies like FDA and EMA ensures 

legal compliance 

● Risk Prevention: Timely identification of quality issues minimizes the risk of expensive recalls and litigation 

 

II. Practical Qc Applications 
Case Study: Antiviral Drug Analysis 

A validated RP-HPLC method was developed for simultaneous determination of five COVID-19 

antivirals (favipiravir, molnupiravir, nirmatrelvir, remdesivir, and ritonavir). Results included: 

● Recovery values: 99.98–100.7% 

● No significant interference from excipients 

● Green chemistry assessment scores: AGREE (0.70), MoGAPI (70%), BAGI (82.5%), CACI (79) 

● Cost-effective and environmentally friendly approach suitable for routine QC in standard analytical laboratories 
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Method Modernization Example: Celecoxib Analysis 

Researchers developed an improved HPLC method that eliminated disadvantages of both European 

Pharmacopoeia and USP monograph methods by: 

● Using an immobilized chiral stationary phase (Chiralpak IA-3) in reversed-phase mode 

● Successfully separating all seven impurities listed in EP and proposed USP monographs 

● Achieving better selectivity and resolution compared to legacy methods 

● Demonstrating the value of modernizing pharmacopeial methods for improved analytical performance 

 

III. Future Trends & Industry Direction 
● AI and Machine Learning: Increasing adoption of AI-powered predictive analytics, anomaly detection, and 

automated data analysis in QC workflows 

● Real-Time Monitoring: Shift from end-product testing to real-time in-process monitoring through Process 

Analytical Technology (PAT) 

● Sustainability: Growing emphasis on green analytical chemistry reducing solvent consumption and 

environmental impact 

● Advanced Controlled-Release Systems: Long-acting injectables, implantable drug depots, and wearable 

delivery devices requiring specialized QC approaches 

● Continuous Manufacturing: Move away from batch manufacturing toward continuous processes requiring 

different QC paradigms 

● Regulatory Evolution: FDA and international agencies increasingly accepting AI-assisted QC when properly 

validated and documented 

 

 
(Figure 4): Future trends& industrial direction and pharmaceutical quality control 

 

•  Machine Learning (ML) has been a revolutionary force in healthcare over the past few years, with capabilities 

to perform sophisticated data analysis, detect anomalies, and make predictions. ML algorithms learn from past 

data to identify hidden patterns, trends, and predictive features, which cannot be picked up easily by traditional 

statistical techniques. 

• ML has been used with success in areas of diagnostic imaging, patient risk stratification, treatment planning 

tailored to individual patients, and predicting outbreaks of disease. 

• With increasing access to historic process data and the development of computational capabilities, predictive 

analytics has become a paradigm in quality control. 

• Predictive modeling employing machine learning (ML) provides an early detection remedy with a systematic 

approach to identifying shifts in performance measures before they lead to major quality problems . 

• By examining vast amounts of historical IQC data, ML algorithms can identify hidden patterns and relationships. 
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(Figure 6):QA vs QC in the pharmaceutical industry can best be understood as the difference between 

process orientation and product orientation. 

 

Quality Assurance (QA) is proactive. It is the sum of all organized arrangements made with the object 

of ensuring that medicinal products are of the quality required for their intended use. QA sets up the systems, 

writes the Standard Operating Procedures (SOPs), audits the suppliers, and designs the manufacturing workflows 

to prevent errors from occurring in the first place. It is the “architect” designed to build quality into the product 

from design to delivery. 

Quality Control (QC), conversely, is reactive. It is focused on identifying defects in the actual products 

produced. QC is responsible for sampling, specifications, and testing, as well as the organization, documentation, 

and release procedures which ensure that the necessary and relevant tests are actually carried out. QC is the 

“inspector” that tests the final build to ensure it matches the blueprints perfectly. A robust pharmaceutical quality 

system requires both a strong architect (QA) and a rigorous inspector (QC) 

 

Quality Control (QC) in Pharmaceutical Manufacturing: The Front Line of Safety 

Quality Control (QC) in pharmaceutical manufacturing is not merely the final step before shipping. It 

is an integrated process that runs parallel to the entire production lifecycle. A robust QC unit is independent of 

production, holding the authority to reject raw materials, halt manufacturing lines, or quarantine finished batches 

if data suggests a deviation from specifications. 

The execution of quality control in pharmaceutical manufacturing involves a sophisticated array of 

analytical chemistry, microbiology, and physical testing. QC laboratories must be equipped with state-of-the-art 

instrumentation—such as High-Performance Liquid Chromatography (HPLC), gas chromatography, and mass 

spectrometry—to detect impurities at microscopic levels. Furthermore, QC is responsible for stability testing, 

placing products under various conditions of heat and humidity over time to determine their shelf life and ensure 

they remain effective until their expiration date. 

 

Beyond Testing: What are the 4 types of QC? 

To ensure comprehensive coverage, QC activities are generally categorized into four distinct phases 

spanning the production cycle. When asking, “What are the 4 types of QC?” in the context of pharma, they 

typically refer to these critical control points: 

 



Quality Control In Pharmaceutical Manufacturing…….. 

DOI: 10.9790/ 3008-2104021220                              www.iosrjournals.org                                               18 | Page 

 
(Figure 7): Types Of Pharmaceutical Quality Control 

 

• Incoming Material Quality Control (IQC): Great drugs cannot be made from poor ingredients. IQC involves 

sampling and testing Active Pharmaceutical Ingredients (APIs), excipients (fillers, binders), and packaging 

materials immediately upon receipt. These materials must match their Certificate of Analysis (CoA) and meet 

internal specifications before being released into the warehouse for use in manufacturing. 

• 2.In-Process Quality Control (IPQC): Testing shouldn’t wait until the end. IPQC involves checks during the 

manufacturing process itself. This might include checking the blend uniformity of a powder before it is 

compressed into a tablet, measuring the pH of a solution during mixing, or verifying the torque of a bottle cap 

on the assembly line. These checks ensure the process remains in a state of control. 

 

3.Finished Product Quality Control (FPQC): This is the final battery of tests on the completed, packaged 

product. It verifies that the batch meets all release specifications for potency, dissolution (how fast it breaks down 

in the body), sterility (for injectables), and physical appearance. Only after passing FPQC can a batch be certified 

by a Qualified Person (QP) for market release. 

 

4.Environmental Monitoring (EM): Especially critical in sterile manufacturing, EM is the ongoing QC of the 

manufacturing facility itself. It involves testing air particulates, surfaces, and personnel gowning for microbial 

contamination to ensure the “cleanroom” environment is not compromising the product. 

 

IV. Manufacturing Validation & Qualification In Pharmaceutical 
In order to guarantee the effectiveness, safety, and quality of pharmaceutical products, validation and 

qualification are essential procedures. Let's examine their importance: --- 

 

Validation: Definition: The process of producing recorded proof that a certain operation regularly yields results 

that satisfy predefined standards and quality attributes is known as validation. Guarantees the quality of the 

product and adherence to legal requirements. Validates computer systems, analytical techniques, and industrial 

processes. And exhibits dependability and constancy. 

 

Process Validation: confirms the manufacturing procedures from the creation of the formulation to the 

commercial production. Analytical Method Validation (AMV): guarantees the appropriateness and dependability 

of analytical techniques for testing. Computer System Validation: Ensures reliable performance of computerized 

systems. 

 

Qualification: Definition: Qualification verifies that systems or equipment are installed correctly, function as 

intended, and are suitable for the purpose for which they are designed. Guarantees the consistency and 

dependability of the equipment. Include Performance Qualification (PQ), Operational Qualification (OQ), 

Installation Qualification (IQ), and Design Qualification (DQ). 
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Equipment Qualification: Verifies the equipment used for quality assurance and production.  System 

Qualification: Verifies vital systems (such as air management and water purification) to guarantee product quality. 

 

V. Process Validation And Continuous Improvement 
In the 21st century, pharmaceutical quality control has shifted its focus from merely inspecting the 

finished product to ensuring quality throughout the entire product lifecycle. This transition has made process 

validation and continuous improvement integral components of pharmaceutical quality assurance. This section 

delves into the importance of process validation and the principle of continuous improvement in the 

pharmaceutical industry. 

 

Importance of Process Validation 

Process validation is a systematic approach to ensuring that pharmaceutical manufacturing processes 

consistently produce products of the desired quality. It is a critical element of pharmaceutical quality control, as 

it not only verifies the manufacturing process but also ensures that any changes or modifications are thoroughly 

assessed before implementation three stages of process validation include prospective validation, concurrent 

validation, and retrospective validation. 

 

Risk-Based Approach To Validation 

the modern era, the pharmaceutical industry has adopted a risk-based approach to validation. This 

method identifies and prioritizes critical quality attributes and critical quality attributes (CQAS) and critical 

process parameters that have the most significant impact on product quality by focusing validation efforts on 

these critical elements, the pharmaceutical can ensure that quality is maintained with maximum efficiency. 

 

Six Sigma And Manufacturing 

Concepts such as Six Sigma and lean manufacturing are widely adopted in the pharmaceutical industry 

to achieve process efficiency and quality control. These methodologies focus on eliminating defects. Reducing 

variation, and optimizing processes, ultimately enhancing product quality. 

 

Real-Time Release Testing (RTRT) 

RTRT is a modern approach that allows for the release of pharmaceutical products in real time based on 

in-process testing data rather than relying solely on end-products while ensuring quality and safety. The ability to 

identify and correct issues in real time minimizes the risk of  production delays and costly recalls by integrating 

these practices pharmaceutical companies can align themselves with the evolving landscape of pharmaceutical 

quality control in the 21st century, delivering safe and effective products to patients consistently. 

 

VI. Conclusion 
Quality control remains central to pharmaceutical manufacturing, protecting patient safety and ensuring 

regulatory compliance. The evolution toward science-driven methodologies (QbD), AI-assisted analytics, and 

real-time monitoring reflects industry progress. Professional QC teams must stay current with USP/EP updates, 

regulatory guidance, and emerging analytical technologies to maintain the highest standards of pharmaceutical 

quality in an increasingly complex regulatory landscape. 
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