
CLEANROOM
CONTAMINATION

PREVENTION & CONTROL

A PRACTICAL GUIDE
TO THE SCIENCE

Ziva Abraham
Morgan Polen

Editors
www.pda.org/bookstore



Cleanroom 
Contamination 

Prevention & Control

A Practical Guide
To the Science

Ziva Abraham
Morgan Polen

Editors

PDA
Bethesda, MD, USA

DHI Publishing, LLC
River Grove, IL, USA

www.pda.org/bookstore

To order the book, please visit: go.pda.org/CCPC



10 9 8 7 6 5 4 3 2 1

ISBN: 978-1-942911-54-8
Copyright © 2021 Ziva Abraham and Morgan Polan. All rights reserved.

All rights reserved. This book is protected by copyright. No part of it may 
be reproduced, stored in a retrieval system or transmitted in any means, 
electronic, mechanical, photocopying, recording, or otherwise, without 
written permission from the publisher. Printed in the United States of 
America.

Where a product trademark, registration mark, or other protected 
mark is made in the text, ownership of the mark remains with the lawful 
owner of the mark. No claim, intentional or otherwise, is made by reference 
to any such marks in the book. Websites cited are current at the time of 
publication. The authors have made every effort to provide accurate 
citations. If there are any omissions, please contact the publisher.

While every effort has been made by the publisher and the authors 
to ensure the accuracy of the information expressed in this book, the 
organization accepts no responsibility for errors or omissions. The views 
expressed in this book are those of the authors and may not represent those 
of either Davis Healthcare International or the PDA, its officers, or directors.

This book is printed on sustainable resource paper approved by the Forest 
Stewardship Council. The printer, Gasch Printing, is a member of the Green 
Press Initiative and all paper used is from SFI (Sustainable Forest Initiative) 
certified mills.

PDA Global Headquarters Davis Healthcare International Publishing, LLC
Bethesda Towers, Suite 600 2636 West Street
4350 East-West Highway River Grove
Bethesda, MD 20814 IL 60171
United States United States
www.pda.org/bookstore www.DHIBooks.com
001-301-986-0293

www.pda.org/bookstore



iii

 

CONTENTS

PREFACE ......................................................................................................xi

ABOUT THE AUTHORS ........................................................................xiii

INTRODUCTION .................................................................................. xvii

1 CONTAMINATION RELATED CASE STUDIES
 AND 483 OBSERVATIONS ............................................................... 1
 Morgan Polen and Ziva Abraham

Cost of Contamination ............................................................................................................ 1
Primary Causes of Contamination Events....................................................................... 2
Particulate Contamination...................................................................................................... 3
Risk to Patient from Particulates ......................................................................................... 5
Static Contamination ................................................................................................................ 8
Microbial Contamination ........................................................................................................ 8
Safeguarding Against Contamination ................................................................................. 9
Case Study 1 Particulate Contamination and Electrostatic 
 Charge in Medical Device Manufacturing .............................................................10
Case Study 2 Cleanroom Design for Manual Aseptic Process
 – 483 Observation ..........................................................................................................12
Case Study 3 Cleanroom and Equipment Design, Open Door
 Interventions – 483 Observation .............................................................................14
Case Study 4 Liquid Filling Line – 483 Observation .................................................15
Case Study 5 Terminally Sterilized Filling Operation with
 Mold Contamination – 483 Observation .............................................................18

www.pda.org/bookstore



iv  Cleanroom Contamination Prevention and Control

Case Study 6 Barrier System Design Flaws and Cleanroom
 Integration Mistakes .......................................................................................................21
Case Study 7 Airflow Velocity – 483 Observation ...................................................22
Case Study 8 Importance of Ergonomics in Aseptic
 Processing – 483 Observation ...................................................................................23
Case Study 9 Lack of Scientific Rationale in Environmental Monitoring
 – 483 Observation ..........................................................................................................25
Case Study 10 Non-Integral Cleanroom Materials – 483 Observation ...........27
Case Study 11 Misuse of Disinfectants ...........................................................................28
Case Study 12 Disinfectants Misuse ................................................................................30
Case Study 13 Nontuberculous Mycobacteria in Pharmaceutical
 Water System ...................................................................................................................31
Case Study 14 Monitoring Equipment ............................................................................33
Case Study 15 HMI Exhaust Fan as Source of Biofilm Formation
 in Manufacturing Equipment .......................................................................................33
Case Study 16 Manufacturing Equipment Cleaning Validation
 and Product Testing Failures .......................................................................................34
Case Study 17 Contamination in an ISO Class 8 Purification Room ................36
Case Study 18 Product Contamination .........................................................................37
Case Study 19 Booklice in Stability Chamber .............................................................38
Case Study 20 Contamination of Incubators ...............................................................39
Case Study 21 Laboratory Related Contamination ..................................................40
Case Study 22 Microbiology Media ..................................................................................41
Conclusion...................................................................................................................................43
References ...................................................................................................................................43
About the Authors ..................................................................................................................45

2 PAPER COMPLIANCE VS FACTUAL
 CONTAMINATION CONTROL ....................................................49

Ziva Abraham ..............................................................................................................................49

Contamination Risk .................................................................................................................51
Managing Risk .............................................................................................................................69
Conclusion...................................................................................................................................72
References ...................................................................................................................................74
About the Author ....................................................................................................................76

www.pda.org/bookstore



v Contents

3 DESIGN BASICS OF PHARMACEUTICAL
 CLEANROOMS ..................................................................................79

Wei Sun .........................................................................................................................................79

Design Considerations for Pharmaceutical Cleanrooms ........................................80
Piping and Instrumentation Diagrams .............................................................................81
Particle Sources and Control Methods ..........................................................................84
ISO Class and GMP Grade Determination  .................................................................84
Contamination Controls in Room Airflow Pattern Design ...................................85
Airflow Intensity Determination .......................................................................................87
HVAC System Configurations ............................................................................................88
Energy Saving Measures to Lower Cleanroom Air Change Rates ......................90
Cleanroom Pressure and Control Strategies ...............................................................93
Multiple-Rooms (Suite) Under Multistage Pressurizations .....................................96
Temperature and Relative Humidity ................................................................................97
Noise Control ............................................................................................................................98
Environmental Monitoring and Controls .......................................................................99
Airlocks ......................................................................................................................................100
Barrier Technology ...............................................................................................................102
Isolators .....................................................................................................................................103
Restricted Access Barrier Systems ................................................................................105
Gloveboxes  .............................................................................................................................107
Laminar Air Flow Units.......................................................................................................108
Surrounding Cleanroom .....................................................................................................109
Environmental Control .......................................................................................................109
Decontamination ...................................................................................................................110
Maintainability .........................................................................................................................111
Controls, Monitors, and Alarms .....................................................................................112
References ................................................................................................................................114
About the Author .................................................................................................................114

4 CLEANROOM DESIGN QUALITY CONTROL 
 AND DOCUMENTS REVIEW ......................................................117

Wei Sun

User Requirements Specification for Design Documents ...................................118
Progressive Flow of Design Phases ................................................................................119
Design Quality Control Plan on Design Documents  ...........................................122
Design Reviews.......................................................................................................................123
References ................................................................................................................................125
About the Author .................................................................................................................126

www.pda.org/bookstore



vi  Cleanroom Contamination Prevention and Control

5 CLEANROOM AIRFLOW VALIDATION
 IN DESIGN PHASE..........................................................................127

Wei Sun

Factors Impacting Cleanroom .........................................................................................128
Airflow Pattern and Resulting ..........................................................................................128
ISO Class Air Cleanliness ...................................................................................................128
How to Assure Required Outcomes during Design Phase  ...............................128
Airflow Verification Requirements by ISO Standard
 and Design Guidelines  ...............................................................................................129
CFD Principle  ........................................................................................................................131
CFD Practices for Cleanrooms  .....................................................................................131
Applications of CFD Simulation and Analysis for Cleanrooms .........................133
Examples of CFD Modeling, Simulation and Analysis ...........................................136
References ................................................................................................................................142
About the Author .................................................................................................................143

6 AIR FLOW VISUALIZATION: THE MOST
 MISUNDERSTOOD AND UNDERUTILIZED
 CONTAMINATION CONTROL TOOL .....................................145

Morgan Polen

Air Flow Visualization for Pharmaceutical and
 Other Medical Product Cleanrooms ...................................................................145
What is Air Flow Visualization (AKA Smoke Studies)? .........................................147
Air Flow Visualization is a Tool for Contamination Control ..............................148
Types of Air Flow in Cleanrooms...................................................................................150
Why Perform Air Flow Visualization Studies? ..........................................................159
What are the Benefits from Air Flow Visualization? ..............................................161
What are the Consequences of Improperly .............................................................163
Conducted Air Flow Visualization Studies? ................................................................163
What are the International Standards?  .......................................................................166
What are the Regulatory Requirements, ....................................................................168
Guidelines or Expectations? .............................................................................................168
Regulators Comments on Smoke Studies ..................................................................176
Air Flow Visualization Applications................................................................................177
Types of Air Flow Visualization ........................................................................................182
Simulations of Activities During Air Flow Visualization ........................................185
Preparation for Dynamic Smoke Studies ....................................................................185
Fire and Smoke Detection Systems ..............................................................................186
Tracer Particle Manifold Position ....................................................................................187

www.pda.org/bookstore



vii Contents

Tracer Particles .......................................................................................................................189
Conclusion................................................................................................................................193
References ................................................................................................................................193
About the Author .................................................................................................................195

7 STATIC CHARGE: THE UNSEEN CONTAMINANT ..............197
Larry Levit

Undesirable Effects of Static Electricity .......................................................................197
Underlying Science ................................................................................................................202
Cleanroom Electrostatic Management ........................................................................206
Summary ...................................................................................................................................211
References ................................................................................................................................216
About the Author .................................................................................................................217

8 DESIGNING, COMMISSIONING AND RISK
 ASSESSING CLEANROOMS FOR BIOCONTAMINATION
 CONTROL ........................................................................................219

Tim Sandle

Introduction .............................................................................................................................219
Cleanrooms and Clean Air Devices ..............................................................................221
Cleanrooms Design ..............................................................................................................227
Commissioning a New Cleanroom ...............................................................................233
Commissioning (Qualifying) Cleanrooms ...................................................................236
Microbial Control ..................................................................................................................239
Tests Required for the Commissioning and Qualification
 of Cleanrooms ...............................................................................................................247
Components Verification ...................................................................................................247
Environmental Monitoring .................................................................................................270
Risk Based Approach to Cleanroom Assessments ................................................271
Summary ...................................................................................................................................277
References ................................................................................................................................279
About the Author .................................................................................................................285

www.pda.org/bookstore



viii  Cleanroom Contamination Prevention and Control

9 CLEANROOM COMMISSIONING AND
 QUALIFICATION ............................................................................287

Wei Sun

Commissioning supervision ..............................................................................................288
Qualifications  .........................................................................................................................291
Design Qualification .............................................................................................................293
Installation Qualification .....................................................................................................294
Operational Qualification ..................................................................................................296
Performance Qualification.................................................................................................298
Requalification .........................................................................................................................299
References ................................................................................................................................299
About the Author .................................................................................................................300

10 HUMAN BORNE CONTAMINATION –
 WHEN CLEANROOM REUSABLE OR DISPOSABLE
 GARMENTS CANNOT BE A GOOD BARRIER .......................303

Jan Eudy

The Importance of Correct Selection of Reusable
 or Disposable, Single-Use Cleanroom Garments ..........................................304
The Cleanroom Laundering Process ............................................................................311
Sterile Cleanroom Garments  .........................................................................................313
Gamma Subcontractor Qualification   .........................................................................316
Routine Monitoring of Gamma Radiation ..................................................................316
Certificate of Sterility ..........................................................................................................317
Applications Specifically for Disposable .......................................................................319
Single-Use Cleanroom Garments  .................................................................................319
References ................................................................................................................................323
About the Author .................................................................................................................327

11 VIABLE AND NON-VIABLE AIRBORNE PARTICLE
 MONITORING EQUIPMENT SELECTION ...............................329

Bill Shade

Overview ..................................................................................................................................329
Industry Standards and Guidelines ................................................................................331
For Non-Viable Particle Monitoring ..............................................................................331
Airborne Particle Counter Technology and Specifications .................................340
Optical Particle Counters ..................................................................................................346
Types and Applications........................................................................................................346

www.pda.org/bookstore



ix Contents

Industry Standards, Guidelines and Practices
 for Viable Particle Monitoring .................................................................................352
Conclusion................................................................................................................................362
References ................................................................................................................................363
About the Author .................................................................................................................365

12 FOOT AND WHEEL BORNE CONTAMINATION .................367
Krishna Bell and Ziva Abraham

Temporary and Permanent Sticky Mats ......................................................................370
References ................................................................................................................................379
About the Authors ...............................................................................................................381

13 VALIDATION OF DISINFECTANTS ...........................................383
Tim Sandle, Laura Guardi, Rachel Kirkham and Kim Morwood

Introduction .............................................................................................................................383
Defining a Disinfectant Validation Strategy and Selection
 of Test Parameters .......................................................................................................385
Use-Dilution and Suspension Tests ...............................................................................386
Disinfectant Surface Challenge Tests ............................................................................386
Modification of Test Parameters .....................................................................................388
Validation of the Neutralizing Effect of Contact Plates ........................................399
Qualification of Hold Times for Diluted Disinfectants .........................................400
Field Trials .................................................................................................................................400
Re-validation ............................................................................................................................401
Considerations for Qualification of Hand Hygiene Products ............................401
Summary of Common Test Methods ...........................................................................402
Test Methods from CEN....................................................................................................402
AOAC Test Methods ...........................................................................................................407
Summary ...................................................................................................................................410
References ................................................................................................................................411
About the Authors ...............................................................................................................415

14 CASE STUDIES FOR IMPROVING A RISK-BASED
 CLEANING AND DISINFECTION PROGRAM ........................417

Jim Polarine and Beth Kroeger

Making the Dilution ..............................................................................................................417
Use of the Disinfectant Use-Dilution in Cleanroom
 Bucket Assemblies .......................................................................................................418

www.pda.org/bookstore



x  Cleanroom Contamination Prevention and Control

Application Method ..............................................................................................................419
Changing out the Use-Dilution .......................................................................................422
Cleaning versus Disinfection .............................................................................................423
Rotation .....................................................................................................................................423
Controlling Residues ............................................................................................................425
Conclusion................................................................................................................................428
References ................................................................................................................................429
About the Authors ...............................................................................................................430

15 CLEANROOM CLEANING – CHOOSING, USING,
 AND HANDLING CLEANING MATERIAL ...............................433

Matts Ramstorp

Introduction .............................................................................................................................433
Why is Cleaning of Cleanrooms and Clean Zones Critical? ..............................434
Everything in a Cleanroom is Interconnected  .........................................................435
Visibility is a Major Problem During Cleaning and Disinfection ........................437
Cleaning Is Often The Most Contaminating Process in a Cleanroom ...........438
How to Minimize Dispersion of Particles During Cleaning ................................439
A Quick and Helpful Way to Determine if a Cleaning 
 Technique is Suitable for Cleanroom Use .........................................................440
Choice of Cleaning Material .............................................................................................440
Time Allowed for Cleaning ...............................................................................................441
How to Clean .........................................................................................................................442
Cleaning Operator Training ..............................................................................................443
Cleaning Operator Behavior ............................................................................................443
Cleaning materials – Fundamental Properties ..........................................................445
Cleanroom wipes ..................................................................................................................446
Creating a Cleaning Program ...........................................................................................449
Cleaning of Cleanrooms from a Practical Approach .............................................451
Summary ...................................................................................................................................457
References ................................................................................................................................457
About the Author .................................................................................................................458

INDEX ......................................................................................................459

www.pda.org/bookstore



xi

  

PREFACE

As the Head of Operations at Microrite, the repeat requests 
for investigating similar contamination issues, warning letter 
remediation and product failure issues made me recognize that 
all these scenarios have one thing in common. The commonality 
of these requests eluded to a basic knowledge gap in holistically 
addressing contamination control. Though the current regulatory 
thinking expects the evaluation of contamination control from a 
holistic perspective; the deficiency in understanding the sources 
of contamination and their relationship to subsequent steps in the 
manufacturing process was lacking.

This book is strategically arranged for evaluating contamination 
control holistically. As contamination control should be looked at 
from design, manufacturing and an operations perspective, subject 
matter experts, not generalists, in each area were approached to 
contribute to this valuable compilation of the following science 
based contamination control journey.
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The information in this book, which may be new to many 
readers will help ignite curiosity and ultimately understanding 
of what the sources of contamination can be and how to address 
contamination prevention, control and monitoring. The purpose of 
this book has been to create awareness and provide solutions. This 
book will become a contamination control audit if read, understood 
and applied.

Amir Abraham
Vice President
Microrite. Inc.
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