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György M. Keserü = Computer Assisted Drug Discovery and HTS Unit, Gedeon Richter Ltd.,
Budapest, Pest, Hungary

David P. Kessler = Department of Chemical Engineering, Purdue University,
West Lafayette, Indiana, U.S.A.

Rajendra K. Khankari = CIMA Labs, Inc., Brooklyn Park, Minnesota, U.S.A.

Ban-An Khaw = Center for Cardiovascular Targeting, School of Pharmacy, Northeastern University,
Boston, Massachusetts, U.S.A.

Arthur H. Kibbe = Department of Pharmaceutical Sciences, Wilkes University, Wilkes-Barre,
Pennsylvania, U.S.A.

Robert G. Kieffer = RGK Consulting, Palm Desert, California, U.S.A.

Chris C. Kiesnowski = Bristol-Myers Squibb Pharmaceutical Research Institute, New Brunswick,
New Jersey, U.S.A.

Kwon H. Kim = Department of Pharmacy and Administrative Sciences, College of Pharmacy and
Allied Health Professions, St. John’s University, Jamaica, New York, U.S.A.

Toby King = Aradigm Corporation, Hayward, California, U.S.A.

Florence K. Kinoshita = Hercules Incorporated, Wilmington, Delaware, U.S.A.

Cathy M. Klech-Gelotte = McNeil Consumer Healthcare, Fort Washington, Pennsylvania, U.S.A.

A. Klos = Bayer Corporation, Research Triangle Park, North Carolina, U.S.A.

Axel Knoch = Pfizer Global Research and Development, Freiburg, Germany

John J. Koleng, Jr. = College of Pharmacy, University of Texas at Austin, Austin, Texas, U.S.A.

Uday B. Kompella = Department of Pharmaceutical Sciences, University of Nebraska Medical Center,
Omaha, Nebraska, U.S.A.

Sheldon X. Kong = Merck and Co., Inc., Whitehouse Station, New Jersey, U.S.A.

Mark J. Kontny = Pharmacia, Skokie, Illinois, U.S.A.

Bhavesh H. Kothari = CIMA Labs, Inc., Brooklyn Park, Minnesota, U.S.A.

Rajesh Krishna = Aventis Pharmaceuticals, Inc., Bridgewater, New Jersey, U.S.A.

Amit Kulkarni = Department of Clinical Sciences and Administration, College of Pharmacy,
University of Houston, Houston, Texas, U.S.A.

Thomas Kupiec = Analytical Research Laboratories, Oklahoma City, Oklahoma, U.S.A.

Philip Chi Lip Kwok = University of Sydney, Sydney, New South Wales, Australia

Sylvie Laganière = Integrated Research, Inc., Montreal, Quebec, Canada

Duane B. Lakings = DSE Consulting, Birmingham, Alabama, U.S.A.

John S. Landy = Aventis Pharmaceuticals, Bridgewater, New Jersey, U.S.A.

Robert Langer = Department of Chemical Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts, U.S.A.

M. Jayne Lawrence = Molecular Biophysics Group, Pharmaceutical Science Research Division,
King’s College London, College London, London, U.K.

Destin A. LeBlanc = Cleaning Validation Technologies, San Antonio, Texas, U.S.A.

xiv



Chao-Pin Lee = GlaxoSmithKline Pharmaceuticals, Collegeville, Pennsylvania, U.S.A.

Chi H. Lee = School of Pharmacy, Division of Pharmaceutical Sciences, University of Missouri,
Kansas City, Kansas City, Missouri, U.S.A.

Kyung Hee Lee = College of Pharmacy, University of Illinois at Chicago,
Chicago, Illinois, U.S.A.

Mike S. Lee = Milestone Development Services, Newtown, Pennsylvania, U.S.A.

Sang Cheon Lee = Korea Institute of Ceramic Engineering and Technology, Seoul, South Korea

Vincent H.L. Lee = Department of Pharmaceutical Sciences, University of Southern California,
Los Angeles, California, U.S.A.

Kristi L. Lenz = Department of Pharmacy Practice, Medical University of South Carolina,
Charleston, South Carolina, U.S.A.

Jason M. LePree = Roche Pharmaceuticals, Inc., Nutley, New Jersey, U.S.A.

Michael Levin = Metropolitan Computing Corporation, East Hanover, New Jersey, U.S.A.

Gareth A. Lewis = Sanofi-Synthelabo Research, Chilly Mazarin, France

Luk Chiu Li = HPD Advanced Drug Delivery, Abbott Park, Illinois, U.S.A.

S. Kevin Li = Department of Pharmaceutics and Pharmaceutical Chemistry, College of Pharmacy,
University of Utah, Salt Lake City, Utah, U.S.A.

Yu Li = GlaxoSmithKline Pharmaceuticals, Collegeville, Pennsylvania, U.S.A.

Eric J. Lien = Biomedicinal Chemistry and Pharmaceutics, University of Southern California,
Los Angeles, California, U.S.A.

Senshang Lin = College of Pharmacy and Allied Health Professions, St. John’s University,
Jamaica, New York, U.S.A.

Nils-Olof Lindberg = Pharmacia and Upjohn AB, Helsingborg, Sweden

Blythe Lindsay = Department of Pharmaceutical Sciences, University of Strathclyde,
Glasgow, U.K.

Thomas Linz = Schering AG, Berlin, Germany

John M. Lipari = Abbott Laboratories, North Chicago, Illinois, U.S.A.

Linda Lisgarten = Library and Information Services, School of Pharmacy, University of London,
London, U.K.

G. Brian Lockwood = University of Manchester, Manchester, U.K.

Orlando Lopez = Johnson & Johnson, Raritan, New Jersey, U.S.A.

Joseph W. Lubach = Department of Pharmaceutical Chemistry, University of Kansas,
Lawrence, Kansas, U.S.A.

Craig E. Lunte = Department of Chemistry, University of Kansas, Lawrence, Kansas, U.S.A.

Robert L. Maher, Jr. = Duquesne University, Pittsburgh, Pennsylvania, U.S.A.

Joseph Maida = Maida Engineering, Inc., Fort Washington, Pennsylvania, U.S.A.

Henri R. Manasse, Jr. = American Society of Health-System Pharmacists, Bethesda,
Maryland, U.S.A.

Laviero Mancinelli = Daly City, California, U.S.A.

Peter Markland = Southern Research Institute, Birmingham, Alabama, U.S.A.

Diego Marro = Centre Interuniversitaire de Recherche et d’Enseignement,
Universities of Geneva and Lyon, Archamps, Switzerland

Marilyn N. Martinez = U.S. Food and Drug Administration, Rockville, Maryland, U.S.A.

Luigi G. Martini = GlaxoSmithKline, Essex, U.K.

Michael B. Maurin = QS Pharma, Boothwyn, Pennsylvania, U.S.A.

Joachim Mayer = Institute of Medicinal Chemistry, University of Lausanne,
Lausanne, Switzerland

Aaron S. Mayo = Department of Pharmaceutical Sciences, University of Nebraska Medical Center,
Omaha, Nebraska, U.S.A.

Orla McCallion = Vandsons Research, London, U.K.

James C. McElnay = Queen’s University Belfast, Belfast, U.K.

xv



Iain J. McGilveray = McGilveray Pharmacon, Inc., Nepean, Ontario, Canada

Jim W. McGinity = College of Pharmacy, University of Texas at Austin, Austin, Texas, U.S.A.

Michael McKenna = Pfizer Pharmaceuticals Group, New York, New York, U.S.A.

Marghi R. McKeon = Lab Safety Corporation, Des Plaines, Illinois, U.S.A.

Eugene J. McNally = Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield, Connecticut, U.S.A.

Duncan E. McVean = Ben Venue Laboratories, Solon, Ohio, U.S.A.

Mark R. Mecadon = Novartis Pharmaceuticals, East Hanover, New Jersey, U.S.A.

Thomas Medwick = Department of Pharmaceutical Chemistry, Rutgers University, New Brunswick,
New Jersey, U.S.A.

Robert W. Mendes = Dedham, Massachusetts, U.S.A.

Jonathan M. Miller = Department of Pharmaceutical Sciences, University of Michigan,
Ann Arbor, Michigan, U.S.A.

Ronald W. Miller = Bristol-Myers Squibb, New Brunswick, New Jersey, U.S.A.

Ashim K. Mitra = Division of Pharmaceutical Sciences, School of Pharmacy,
University of Missouri-Kansas City, Kansas City, Missouri, U.S.A.

Samir S. Mitragotri = Department of Chemical Engineering, University of California,
Santa Barbara, Santa Barbara, California, U.S.A.

Suresh K. Mittal = Department of Veterinary Pathobiology, Purdue University,
West Lafayette, Indiana, U.S.A.

Derek V. Moe = CIMA Labs, Inc., Brooklyn Park, Minnesota, U.S.A.

Nicholas Mohr = Department of Emergency Medicine, Indiana University School of Medicine,
Indianapolis, Indiana, U.S.A.

Matthew J. Mollan, Jr. = Pfizer Global Research and Development, Ann Arbor,
Michigan, U.S.A.

Lorie Ann Morgan = GlaxoSmithKline, Research Triangle Park, North Carolina, U.S.A.

Karen Morisseau = College of Pharmacy, University of Rhode Island,
Kingston, Rhode Island, U.S.A.

Takahiro Morita = Tanabe Pharmaceuticals Co., Ltd., Osaka, Japan

Gerold Mosher = CyDex, Inc., Overland Park, Kansas, U.S.A.

Ronald L. Mueller = GlaxoSmithKline, King of Prussia, Pennsylvania, U.S.A.

Christel C. Mueller-Goymann = Institut für Pharmazeutische Technologie, Technischen Universität
Braunschweig, Braunschweig, Germany

Suman K. Mukherjee = Department of Pharmaceutical Sciences, South Dakota State University,
Brookings, South Dakota, U.S.A.

James O. Mullis = Department of Analytical Sciences, Boehringer Ingelheim Pharmaceuticals, Inc.,
Ridgefield, Connecticut, U.S.A.

Sandy J.M. Munro = GlaxoSmithKline, Hertfordshire, U.K.

Eric J. Munson = Department of Pharmaceutical Chemistry, University of Kansas, Lawrence,
Kansas, U.S.A.

Thomas D. Murphy = Morristown, New Jersey, U.S.A.

Fernando J. Muzzio = Department of Chemical and Biochemical Engineering, Rutgers University,
Piscataway, New Jersey, U.S.A.

Paul B. Myrdal = Department of Pharmacy Practice and Science, College of Pharmacy,
The University of Arizona, Tucson, Arizona, U.S.A.

Venkatesh Naini = Barr Laboratories, Inc., Pomona, New York, U.S.A.

Jintana Napaporn = Department of Pharmaceutics, College of Pharmacy, University of Florida,
Gainesville, Florida, U.S.A.

Robert A. Nash = Consultant, Mahwah, New Jersey, U.S.A.

Sarah J. Nehm = Department of Pharmaceutical Sciences, University of Michigan,
Ann Arbor, Michigan, U.S.A.

Deanna J. Nelson = BioLink Life Sciences, Inc., Cary, North Carolina, U.S.A.

xvi



Sandeep Nema = Pharmacia Corp., Skokie, Illinois, U.S.A.

Michael T. Newhouse = Inhale Therapeutic Systems, Inc., San Carlos, California, U.S.A.

Ann W. Newman = SSCI, Inc., West Lafayette, Indiana, U.S.A.

J. M. Newton = Department of Pharmaceutics, University of London, London, U.K.

Daniel L. Norwood = Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield, Connecticut, U.S.A.

Thomas M. Nowak = Abbott Laboratories, Abbott Park, Illinois, U.S.A.

John P. Oberdier = Abbott Laboratories, Abbott Park, Illinois, U.S.A.

Thomas M. O’Connell = GlaxoSmithKline, Research Triangle Park, North Carolina, U.S.A.

Claudia C. Okeke = Department of Patient Safety, United States Pharmacopeia,
Rockville, Maryland, U.S.A.

Clyde M. Ofner III = University of the Sciences in Philadelphia, Philadelphia, Pennsylvania, U.S.A.

Rosa Maria Olmo = Departamento de Bioquimica y Biologia Molecular, Universidad Complutense
de Madrid, Madrid, Spain

Wayne P. Olson = Beecher, Illinois, U.S.A.

Bridget O’Mahony = Department of Pharmaceutical Sciences, University of Strathclyde,
Glasgow, U.K.

Christine K. O’Neil = School of Pharmacy, Duquesne University, Pittsburgh, Pennsylvania, U.S.A.

Tooru Ooya = Japan Advanced Institute of Science and Technology, Ishikawa, Japan

Damon Osbourn = Department of Chemistry, University of Kansas, Lawrence, Kansas, U.S.A.

Rama V. Padmanabhan = ALZA Corporation, Spring Lake Park, Minnesota, U.S.A.

Sariputta P. Pakhale = National Institute of Pharmaceutical Education and Research,
Punjab, India

Mark G. Papich = Department of Anatomy, Physiological Sciences and Radiology, North Carolina
State University, Raleigh, North Carolina, U.S.A.

Jagdish Parasrampuria = Johnson & Johnson, Skillman, New Jersey, U.S.A.

Eun Jung Park = Department of Medicinal Chemistry and Pharmacognosy, College of Pharmacy,
University of Illinois at Chicago, Chicago, Illinois, U.S.A.

Jung Y. Park = Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield, Connecticut, U.S.A.

Kinam Park = Departments of Pharmaceutics and Biomedical Engineering, Purdue University,
West Lafayette, Indiana, U.S.A.

Diane M. Paskiet = West Monarch Analytical Laboratories, Maumee, Ohio, U.S.A.

Barbara Perry = Hoffmann-La Roche, Welwyn, U.K.

Adam Persky = Department of Pharmaceutics, College of Pharmacy, University of Florida,
Gainesville, Florida, U.S.A.

Gregory F. Peters = Lab Safety Corporation, Des Plaines, Illinois, U.S.A.

S. Petteway, Jr. = Bayer Corporation, Research Triangle Park, North Carolina, U.S.A.

John M. Pezzuto = School of Pharmacy and Pharmaceutical Sciences, Purdue University,
West Lafayette, Indiana, U.S.A.

J. Bradley Phipps = ALZA Corporation, Mountain View, California, U.S.A.

D. Pifat = Bayer Corporation, Research Triangle Park, North Carolina, U.S.A.

Michael J. Pikal = School of Pharmacy, University of Connecticut, Storrs, Connecticut, U.S.A.

Wayne L. Pines = Pharmaceutical Consultant, Washington, D.C., U.S.A.

Terezinha de Jesus Andreo Pinto = Department of Pharmacy, University of Sao Paulo,
Sao Paulo, Brazil

Dario Pistolesi = Fedegari Autoclavi SpA, Albuzzano, Italy

Stephen William Pitt = Johnson & Johnson, Skillman, New Jersey, U.S.A.

Michael E. Placke = Battelle Pulmonary Therapeutics, Inc., Columbus, Ohio, U.S.A.

Fridrun Podczeck = Institute of Pharmacy, University of Sunderland, Sunderland, U.K.

Therese I. Poirier = Department of Clinical Pharmacy, Duquesne University,
Pittsburgh, Pennsylvania, U.S.A.

xvii



Tı́mea Polgár = Gedeon Richter Ltd., Budapest, Pest, Hungary

Jacques H. Poupaert = Department of Medicinal Chemistry, Catholic University of Louvain,
Brussels, Belgium

Sunil Prabhu = College of Pharmacy, Western University of Health Sciences,
Pomona, California, U.S.A.

Neil Purdie = Department of Chemistry, Oklahoma State University, Stillwater, Oklahoma, U.S.A.

Bashir A. Qadri = Department of Pharmaceutics, Pharmacy School, The Hebrew University of
Jerusalem, Jerusalem, Israel

Fenghe Qiu = Department of Analytical Sciences, Boehringer Ingelheim Pharmaceuticals, Inc.,
Ridgefield, Connecticut, U.S.A.

Ying-shu Quan = Department of Biopharmaceutics, Kyoto Pharmaceutical University, Kyoto, Japan

Saeed A. Qureshi = Health Products and Food Branch, Health Canada, Sir F.G. Banting Research
Centre, Ottawa, Ontario, Canada

R. Raghavan = Abbott Laboratories, Abbott Park, Illinois, U.S.A.

Natarajan Rajagopalan = Lilly Research Laboratories, Eli Lilly and Company, Indianapolis,
Indiana, U.S.A.

Judy A. Raper = Department of Chemical Engineering, University of Missouri-Rolla, Rolla,
Missouri, U.S.A.

Suneel Rastogi = Forest Laboratories, Inc., Inwood, New York, U.S.A.

William R. Ravis = School of Pharmacy, Auburn University, Auburn, Alabama, U.S.A.

Brian James Reamer = SciRegs Consulting, Columbia, Maryland, U.S.A.

Robert A. Reed = Merck Research Laboratories, Merck & Co., Inc., West Point,
Pennsylvania, U.S.A.

Thomas L. Reiland = Abbott Laboratories, North Chicago, Illinois, U.S.A.

J. P. Remon = Laboratory of Pharmaceutical Technology, Ghent University, Ghent, Belgium

Steven Shijun Ren = Maxim Pharmaceuticals, Inc., San Diego, California, U.S.A.

Michael A. Repka = School of Pharmacy, The University of Mississippi, University,
Mississippi, U.S.A.

Christopher T. Rhodes = College of Pharmacy, University of Rhode Island, Kingston,
Rhode Island, U.S.A.

Martin M. Rieger = Morris Plains, New Jersey, U.S.A.

Jean G. Riess = Les Giaines, Falicon, France

Thomas N. Riley = Department of Pharmaceutical Sciences, Auburn University, Auburn,
Alabama, U.S.A.

Diane Rindgen = Schering-Plough Research Institute, Kenilworth, New Jersey, U.S.A.

Ronald J. Roberts = AstraZeneca, Cheshire, U.K.

Naı́r Rodrı́guez-Hornedo = Department of Pharmaceutical Sciences, University of Michigan,
Ann Arbor, Michigan, U.S.A.

Raymond C. Rowe = University of Bradford, Cheshire, U.K.

Alan E. Royce = Novartis Pharmaceuticals, East Hanover, New Jersey, U.S.A.

Joseph T. Rubino = Wyeth-Ayerst Research, Pearl River, New York, U.S.A.

Colleen E. Ruegger = Novartis Pharmaceuticals, East Hanover, New Jersey, U.S.A.

Effendi Rusli = Department of Chemical and Biomolecular Engineering, University of Illinois at
Urbana-Champaign, Urbana, Illinois, U.S.A.

J. Howard Rytting = Department of Pharmaceutical Chemistry, The University of Kansas,
Lawrence, Kansas, U.S.A.

Rosalie Sagraves = University of Illinois, Chicago, Illionis, U.S.A.

Dmitry Samarsky = Invitrogen Corporation, Carlsbad, California, U.S.A.

Ronald A. Sanftleben = GlaxoSmithKline, Research Triangle Park, North Carolina, U.S.A.

Sujit S. Sansgiry = Department of Clinical Sciences and Administration, College of Pharmacy,
University of Houston, Houston, Texas, U.S.A.

xviii



Peter C. Schmidt = Nuernberg, Germany

David R. Schoneker = Colorcon, Inc., West Point, Pennsylvania, U.S.A.

Stephen G. Schulman = Department of Medicinal Chemistry, University of Florida, Gainesville,
Florida, U.S.A.

Erik R. Scott = Medtronic, Inc., Brooklyn Center, Minnesota, U.S.A.

Sigrun Seeger = Schering AG, Berlin, Germany

Siri H. Segalstad = Segalstad Consulting AS, Oslo, Norway

Richard B. Seymour = Haight Ashbury Free Clinics, San Francisco, California, U.S.A.

Jaymin C. Shah = Pfizer Global Research and Development, Groton, Connecticut, U.S.A.

Umang Shah = Pfizer Global Research and Development, Morris Plains, New Jersey, U.S.A.

Utpal U. Shah = School of Pharmacy and Chemistry, Liverpool John Moores University,
Liverpool, U.K.

Shalaby W. Shalaby = Poly-Med, Inc., Anderson, South Carolina, U.S.A.

Leon Shargel = Eon Labs Manufacturing, Inc., Laurelton, New York, U.S.A.

Eric B. Sheinin = Pharmaceutical Ingredient Verification Program, United States Pharmacopeia,
Rockville, Maryland, U.S.A.

Joseph Sherma = Department of Chemistry, Lafayette College, Easton, Pennsylvania, U.S.A.

Paul J. Sheskey = The Dow Chemical Company, Midland, Michigan, U.S.A.

Troy Shinbrot = Department of Chemical and Biochemical Engineering, Rutgers University,
Piscataway, New Jersey, U.S.A.

Leonid Shnayder = Aker Kvaerner Pharmaceuticals, Bridgewater, New Jersey, U.S.A.

Gauri Shringarpure = Department of Clinical Sciences and Administration, College of Pharmacy,
University of Houston, Houston, Texas, U.S.A.

Lynn Simpson = Department of Clinical Sciences and Administration, College of Pharmacy,
University of Houston, Houston, Texas, U.S.A.

Brent D. Sinclair = Abbott Laboratories, Abbott Park, Illinois, U.S.A.

Ambarish K. Singh = Bristol-Myers Squibb Pharmaceutical Research Institute,
New Brunswick, New Jersey, U.S.A.

Brahma N. Singh = Forest Laboratories, Inc., Commack, New York, U.S.A.

Saranjit Singh = National Institute of Pharmaceutical Education and Research, Punjab, India

Shailesh K. Singh = Wyeth Research, Pearl River, New York, U.S.A.

Jerome P. Skelly = Pharmaceutical Consultant, Alexandria, Virginia, U.S.A.

Michael F. Skinner = Rhodes University, Grahamstown, South Africa

William H. Slattery III = House Ear Clinic, Los Angeles, California, U.S.A.

A. Ian Smith = Baker Heart Research Institute, Melbourne, Victoria, Australia

David E. Smith = Haight Ashbury Free Clinics, San Francisco, California, U.S.A.

Edward J. Smith = Wyeth Pharmaceuticals, Collegeville, Pennsylvania, U.S.A.

Marshall Steinberg = International Pharmaceuticals Council, Kennett Square, Pennsylvania, U.S.A.

Ralph Stone = Alcon Laboratories, Fort Worth, Texas, U.S.A.

Robert G. Strickley = Gilead Sciences Inc., Foster City, California, U.S.A.

Muppalla Sukumar = Lilly Research Laboratories, Eli Lilly and Company, Indianapolis,
Indiana, U.S.A.

Raj Suryanarayanan = College of Pharmacy, University of Minnesota,
Minneapolis, Minnesota, U.S.A.

Stuart R. Suter = Patent Attorney and Consultant, Glenside, Pennsylvania, U.S.A.

Lynda Sutton = Cato Research Ltd., Durham, North Carolina, U.S.A.

C. Jeanne Taborsky = SciRegs Consulting, Columbia, Maryland, U.S.A.

Hua Tang = TransForm Pharmaceuticals, Inc., Lexington, Massachusetts, U.S.A.

P. Tang = University of Sydney, Sydney, New South Wales, Australia

Kevin M.G. Taylor = School of Pharmacy, University of London, London, U.K.

xix
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Freeze Drying

Michael J. Pikal
School of Pharmacy, University of Connecticut, Storrs, Connecticut, U.S.A.

INTRODUCTION

Freeze drying, also termed ‘‘lyophilization,’’ is a drying
process employed to convert solutions of labile materials
into solids of sufficient stability for distribution
and storage. A typical production scale freeze dryer con-
sists of a drying ‘‘chamber’’ containing temperature-
controlled shelves, which is connected to a ‘‘condenser’’
chamber via a large valve. The condenser chamber
houses a series of plates or coils capable of being main-
tained at very low temperature (i.e., less than �50�C).
One or more vacuum pumps in series are connected to
the condenser chamber to achieve pressures in the range
of 0.03–0.3 Torr in the entire system during operation. A
commercial freeze dryer may have 10–20 shelves with a
total load of the order of 50,000 vials. The objective in
a freeze-drying process is to convert most of the water
into ice in the freezing stage, remove the ice by direct
sublimation in the primary drying stage, and finally
remove most of the unfrozen water in the secondary
drying stage by desorption. The water removed from
the product is reconverted into ice by the condenser.

In a typical freeze-drying process, an aqueous solu-
tion containing the drug and various formulation aids,
or ‘‘excipients,’’ is filled into glass vials, and the vials
are loaded onto the temperature-controlled shelves.
The shelf temperature is reduced, typically in several
stages, to a temperature in the vicinity of �40�C,
thereby converting nearly all the water into ice. Some
excipients, such as buffer salts and mannitol, may
partially crystallize during freezing, but most ‘‘drugs,’’
particularly proteins, remain amorphous. The drug
and excipients are typically converted into an amorph-
ous glass also containing large amounts of unfrozen
water (15–30%) dissolved in the solid (i.e., glassy)
amorphous phase. Thus, most of the desiccation
actually occurs during the freezing stage of the freeze-
drying process. After all water and solutes have been
converted into solids, the entire system is evacuated
by the vacuum pumps to the desired control pressure,
the shelf temperature is increased to supply energy for
sublimation, and primary drying begins. Due to the
large heat flow required during primary drying, the
product temperature runs much lower than the shelf
temperature. The removal of ice crystals by subli-
mation creates an open network of ‘‘pores,’’ which

allows pathways for escape of water vapor from the
product. The ice–vapor boundary (i.e., the boundary
between frozen and ‘‘dried’’ regions) generally moves
from the top of the product toward the bottom of
the vial as primary drying proceeds. Primary drying
is normally the longest part of the freeze-drying pro-
cess. Primary drying times of the order of days are
not uncommon, and in rare cases, weeks may be
required for a combination of poor formulation and
suboptimal process design. Although some secondary
drying does occur during primary drying (i.e., desorp-
tion of water from the amorphous phase occurs to a
limited extent once the ice is removed from that
region), the start of secondary drying is normally
defined, in an operational sense, as the end of primary
drying (i.e., when all ice is removed). Of course,
because not all vials behave identically, some vials
enter secondary drying whereas other vials are in the
last stages of primary drying. When the judgment is
made that all vials are devoid of ice, the shelf tempera-
ture is typically increased to provide the higher product
temperature required for efficient removal of the
unfrozen water. The final stages of secondary drying
are normally carried out at shelf temperatures in the
range of 25–50�C for several hours. Here, because
the demand for heat is low, the shelf temperature
and the product temperature are nearly identical.

As freeze-drying plants are very expensive and pro-
cess times are often long, a freeze-dried dosage form is
relatively expensive to produce. Indeed, because of
both cost and ease of use, a ready-to-use solution is
the preferred option for a parenteral dosage form,
particularly if the solution can withstand terminal heat
sterilization. When an aqueous solution does not have
sufficient stability, the product must be produced
in solid form. At least for small molecules, stability
normally increases in the following order: solution <
glassy solid < crystalline solid;[1–3] this is likely a
result of restricted motion in solids with the high
degree of order in the crystalline solid limiting reac-
tivity even further. As many pharmaceuticals cannot
be produced on a commercial scale by crystallization,
a glassy solid may be the only solid-state option.

Freeze drying[4–7] and spray drying[8–10] are drying
methodologies in common use in the pharmaceutical
industry, and are suitable for the production of
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glassy solids. Freeze drying is a low-temperature
process. In general, a formulation can be dried to 1%
water or less, without any of the product exceeding
30�C. Thus, conventional wisdom states that freeze-
drying is less likely to cause thermal degradation than
a high-temperature process such as spray drying.
Historically, freeze-drying is the method of choice for
products intended for parenteral administration.
Sterility and relative freedom from particulates are
critical quality attributes for parenterals. Largely
because the solution is sterile filtered immediately
before filling into the final container, and further pro-
cessing is relatively free of exposure to humans, a
freeze-drying process maintains sterility and particle-
free characteristics of the product much more easily
than do processes that must deal with dry powder
handling issues, such as dry powder filling of a spray-
dried or bulk-crystallized powder. Indeed, with modern
robotics automatic loading systems,[11] humans can be
removed from the sterile processing area entirely, at
least in principle. Furthermore, as the vials are sealed
in the freeze dryer, moisture control and control of
headspace gas can easily be controlled, an important
advantage for products whose storage stability is
adversely affected by residual moisture and/or oxygen.
As the critical heat and mass transfer characteristics
for freeze-drying are nearly the same at the laboratory
scale as in full production, resolution of scale-up
problems tends to be easier for a freeze-drying process
than for spray drying, at least in our experience. Also,
development of a freeze-dried product requires less
material for formulation and process development, a
particularly important factor early in a project.

While freeze-drying has a long history in the phar-
maceutical industry as a technique for stabilization of
labile drugs, including proteins, many proteins suffer
irreversible change, or degradation, during the freeze-
drying process.[12–16] Even when the labile drug survives
the freeze-drying process without degradation, the result-
ing product is rarely found perfectly stable during long-
term storage, particularly when analytical techniques
with a sensitivity to detect low levels of degradation
(�0.1%) are employed. Both small molecules[1–3,17] and
proteins[18–21] show degradation during storage of the
freeze-dried glass. In some cases, instability is serious
enough to require refrigerated storage.[18,19,22]

Stability problems are most often addressed by a
combination of formulation optimization and atten-
tion to process control. Lyoprotectants are added for
stability during the freeze-drying process as well as to
provide storage stability, and the level and type of buf-
fer is optimized. Optimization of the freezing process
may be critical; control of product temperature during
drying is critical for products that tend to suffer cake
collapse during primary drying, and control of residual
moisture is nearly always critical for storage stability.

Formulation and process are interrelated: A bad for-
mulation can be nearly impossible to freeze dry, and
even with a well designed formulation, a poorly
designed process may require more than a week to pro-
duce material of suboptimal quality. Although blind
empiricism may, in time, yield an acceptable formu-
lation and process, an appreciation for the materials
science of amorphous systems and some understanding
of heat and mass transfer relevant to freeze-drying are
needed for efficient development of freeze-dried pro-
ducts. Obviously, one also requires at least a phenom-
enological understanding of the major degradation
pathways specific to the drug under consideration.

The objective of this article is to present the scien-
tific and engineering fundamentals most useful in the
development of formulations and processes for the
manufacture of freeze-dried pharmaceuticals. General-
izations are illustrated with specific examples from the
literature, but no attempt is made to survey all pub-
lished works. Most of the section on the freeze-drying
process applies equally well to small molecules and
proteins, whereas most of the section on formulation
and stability is specific to proteins.

THE FREEZE-DRYING PROCESS

Freezing

Freeze concentration

The objective of freezing is to remove most of the
water from the system by formation of ice and to con-
vert all solutes into solids, either crystalline solids or a
glass. Once the sample is a solid, primary drying may
begin. As a sample is cooled, the system remains liquid
well below the equilibrium freezing point, but with suf-
ficient supercooling, nucleation of ice proceeds rapidly
and growth of ice crystals begins. As liquid water con-
verts to ice, all solutes are concentrated in the regions
between ice crystals, ultimately concentrating until
they crystallize or until the system increases in viscosity
sufficiently to transform into a solid amorphous
system, or glass. The example shown in Fig. 1 is rep-
resentative of a solute that does not crystallize during
freeze-drying. The system supercools about 10�C to a
temperature of �15�C before ice nucleation becomes
rapid enough to generate crystals of ice. The evolution
of heat caused by the sudden crystallization of ice
increases the sample temperature to roughly the equi-
librium freezing point (�5�C). The sudden ice crystal-
lization also results in a small but sharp decrease in
the percentage of water in the solute phase (given on
the right vertical axis). After the initial ice nucleation
and crystallization at 10min, the product cools
with continuous conversion of water to ice, thereby
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decreasing the amount of water in the solute phase and
increasing the concentration of solute in the remaining
solution. When the product temperature reaches about
�24�C, denoted as Tg

0, the concentration of water in
the solute phase has been reduced to about 24%, and
further reduction in water concentration is curtailed
on the time scale of freezing, even though the sample
temperature decreases further to about �30�C at the
end of the freezing process at 60min. Here, the solute
phase has been concentrated from about 30% solute
to about 76% solute, and most of the water has been
separated from the solute phase as ice. Had the initial
concentration been much lower, say 1%, the final con-
centration would still be 76%, although the freezing
profile would differ quantitatively from that shown
in Fig. 1. Clearly, most of the desiccation in a freeze-
drying process occurs during the freezing process.
While desiccation is indeed the objective, it must be
recognized that concentration of all solutes during
freezing will dramatically increase the probability of
bimolecular collisions, which could produce unexpec-
ted instability in the partly frozen system. If a system,
initially at 1% solute, is susceptible to a second-order
degradation reaction with an activation energy of
25 kcal/mol, a reduction in temperature from 5�C
to �24�C would reduce the rate constant by a factor
of 200, but an increase in concentration from 1% to
76% would increase the concentration factor in the
rate equation by a factor of 5800, yielding a factor
of 29 net increase in reaction rate. Although this
example is an oversimplification, it is significant to

note that increases in second-order degradation rates
have been observed in model systems during freeze
concentration.[23]

Tg
0 is the temperature at which a sharp increase in

baseline occurs during a differential scanning calo-
rimeter (DSC) scan of a frozen solution, suggesting a
sharp increase in heat capacity, and has been referred
to as the glass transition temperature of the maximally
concentrated freeze concentrate.[24] A sharp decrease in
electrical resistance of the frozen system is noted at the
same temperature.[25] Structural collapse of a cake
structure in the dried region, indicating viscous flow,
occurs during primary drying at the collapse tempera-
ture, denoted by Tc0, which is only slightly higher than
Tg

0.[25] It is clear that Tg0 corresponds to the temperature
at which mobility in the system is manifested on an
experimental timescale. Effectively, the system behaves
as a solid below Tg

0.
Various electrolytes, such as buffer salts and NaCl,

if present in the formulation, will also concentrate dur-
ing the freezing process. Such exposure to high concen-
trations of electrolytes (i.e., about 6 molal NaCl during
freezing a 0.15M NaCl solution) might contribute to
the destabilization of the native conformation, thereby
leading to degradation during freezing.

Crystallization of excipients and consequences

In the case of protein drugs, the drug does not crystal-
lize, but other solute components may (or may not)
crystallize, depending on their nature and concen-
tration, other formulation components, and the details
of the freezing process. High initial concentrations and
slow freezing tend to favor crystallization. Depending
on the intended role of the excipient, crystallization
may be desirable or undesirable, and it may be impor-
tant just when in the process crystallization does occur.
For example, if mannitol is intended only as a bulking
agent, and is not expected to play a role in stabilization
of the drug, crystallization is desirable as crystalline
mannitol can easily be freeze dried at high tempera-
tures to give an elegant product, meaning a short
freeze-drying cycle and freedom from product defects
such as collapse. Here, the drug form is that of an
amorphous coating on the crystalline mannitol, with
stability properties normally close to that of a system
freeze dried without the mannitol. If mannitol remains
amorphous during freezing and crystallizes as the pro-
duct temperature is increased in early primary drying,
extensive vial breakage can occur.[26] Conversely, if
mannitol is intended to serve as a stabilizer during
drying and/or storage, crystallization is undesirable.
Complete crystallization yields a system equivalent to
a physical mixture of glassy drug particles and crystal-
line mannitol, with no opportunity for a stabilizing
interaction except at the phase boundary between the
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particles, no dilution of drug molecules, and no sepa-
ration of ‘‘reactants’’ in the protein phase from the
protein molecules. In short, any plausible stabilization
mechanism requires that at least some of the mannitol
remain molecularly dispersed in the amorphous drug
phase. Of course, just as crystalline mannitol has some
solubility in any liquid, mannitol will have a nonzero
thermodynamic solubility in the drug phase. Thus,
even if mannitol crystallization proceeds to thermo-
dynamic equilibrium, a small amount of mannitol
will remain in the drug phase. However, most of the
stabilization potential of the mannitol will be lost upon
crystallization. As mannitol does tend to crystallize
nearly completely when present as the major formu-
lation component, mannitol is generally a poor choice
as a stabilizer for freeze drying.

Although buffers are included in a formulation to
maintain constant pH, selective crystallization of the
less soluble buffer component during freezing can
result in massive pH shifts in the freeze concentrate.
Fig. 2 shows the pH changes observed during equilib-
rium freezing of several pure buffer systems.[27] Freezing
was carried out while seeding with ice and crystalline
buffer salts, so the data represent near-equilibrium
behavior. Over the temperature range studied, the citrate
buffer system showed no significant pH shift. The sodium
phosphate buffer system shows a dramatic decrease in
pH of about 4pH units due to crystallization of the basic
buffer component, Na2HPO4 � 2H2O. Conversely, the
potassium phosphate system shows only a modest
increase in pH of about 0.8pH unit. Under non-
equilibrium conditions (i.e., no seeding) and with lower
buffer concentrations, the degree of crystallization is less,
and the resulting pH shifts are moderated.[28] Table 1

shows data accumulated[29,30] during freezing of phos-
phate buffer solutions in large volumes at cooling rates
intended to mimic freezing in vials. For the concentrated
buffer solutions (100mM), the frozen pH values are
close to the equilibrium values given in Fig. 2. However,
lowering the buffer concentration by an order of magni-
tude considerably reduces the pH shift observed during
freezing. It should also be noted that the small pH shift
for potassium phosphate buffer noted in Fig. 2 is a result
of the starting pH being 7.5. As shown in Table 1, if the
initial pH is 5.5, the 100mM potassium phosphate buffer
increases by 3.1pH units during freezing. In short, the
frozen system pH is near 8.7, regardless of whether
the initial pH is 7.0 or 5.5. Clearly, if drug stability is
sensitive to pH shifts, buffer crystallization must be
avoided. In our experience, the best solution is to formu-
late such that the weight ratio of buffer to other solutes is
very low.[18,22] However, the precise meaning of ‘‘very
low’’ varies with the nature and amount of the other
solutes as well as with the nature of the buffer.

Instability during freezing and Tg
0

Most small molecules are stable during the freezing
process, even though storage stability may be mar-
ginal. Proteins show a wide range of formulation-
sensitive instability. Some proteins survive freezing
with little or no measurable loss in activity, whereas
others are irreversibly deactivated by the freezing pro-
cess.[12–21,31–33] An environment quite different from
a dilute aqueous solution is created during freezing.
All solute species are dramatically concentrated, ionic
strength increases, the pH may shift, and above all,
hydrophobic interactions that stabilize the native con-
formation in water are reduced or eliminated as bulk
water is removed from the protein phase. In addition,
just as proteins undergo thermal denaturation at
elevated temperature, proteins also undergo spon-
taneous unfolding at very low temperature, called
‘‘cold denaturation’’.[34,35] Estimated cold denatura-
tion temperatures are often below the Tg

0 of a protein
formulation and therefore of questionable relevance
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Fig. 2 Shifts in pH during freezing arising from buffer salt

crystallization. Near-equilibrium conditions were achieved
by seeding with ice and salt. circles: sodium phosphate;
squares: potassium phosphate; triangles: citrate. (Data from
Ref.[27].)

Table 1 Shifts in pH during non-equilibrium freezing with

phosphate buffer systems

Concentration (mM) Initial pH Frozen pH D pH

Sodium phosphate buffer
100 7.5 4.1 �3.4
8 7.5 5.1 �2.4

Potassium phosphate buffer

100 7.0 8.7 þ1.7
100 5.5 8.6 þ3.1
10 5.5 6.6 þ1.1

(From Refs.[29,30].)
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to freeze-drying. However, these estimates are based
upon thermodynamic parameters measured in dilute
aqueous solutions. The impact of perturbations caused
by freeze concentration is largely unknown.

Because of these many freezing stresses that may
decrease the free energy of denaturation, thermody-
namic destabilization of the native conformation during
freezing is not surprising. Indeed, it appears surprising
that all proteins do not spontaneously unfold and
degrade during freezing. However, for a destabilized
protein to unfold and engage in subsequent irreversible
reactions, the rate of unfolding must be fast relative to
the timescale of freezing. Even in dilute aqueous solu-
tion at room temperature, protein unfolding may
involve time constants of the order of hours.[36,37] In
the freeze concentrate approaching Tg

0, at temperatures
�30�C lower than room temperature and viscosities
about 10 orders of magnitude greater than in a dilute
aqueous solution, one would expect greatly reduced
unfolding rates, perhaps sufficiently reduced to prevent
degradation during freezing. Kinetic studies of unfold-
ing near Tg

0 would resolve this question. Unfortunately,
such data are not available. However, it has been
argued on theoretical grounds that rate processes, in
general, should be slowed greatly as the system tem-
perature approaches a glass transition temperature.[33]

Experimental studies of three different reactions in
frozen maltodextrin systems lend support to this view,
although not all reactions show the same strong tem-
perature dependence near a glass transition.[38] As a
general rule, it would seem prudent to minimize the
time a protein spends in a freeze concentrate above
Tg

0 (i.e., minimize freezing time), and primary drying
should be carried out near or below Tg

0. However, these
precautions do not always guarantee stability.

Optimum freezing rate

Frequently, the freezing process is characterized by
specification of freezing rate, where in most cases it
isreally the temperature change of the heat sink that
is specified, or at best, the cooling rate of the solution
is given. However, there are at least two freezing
parameters that are needed to define the freezing
process—the degree of supercooling and the rate of ice
crystallization. The degree of supercooling is the differ-
ence between the equilibrium freezing point and the
temperature at which ice crystals first form in the sam-
ple. The degree of supercooling determines the number
of nuclei and, therefore, determines the number of ice
crystals formed in the sample. A high degree of super-
cooling produces a large number of ice crystals, and as
the total amount of water that freezes is fixed, the ice
crystals produced after completion of freezing are
small in size. Size of ice crystals impacts on process
design and may also affect product quality, as will be

discussed later. The rate of ice crystal growth deter-
mines the residence time of the product in a freeze-
concentrated fluid state. A rapid growth rate minimizes
the residence time, normally allowing less degradation
during the freezing process. In practical freeze-drying
applications, heat transfer limits the rate of ice growth.
Therefore, in vials and pans where heat removal is
through the container bottom, rapid ice growth is
facilitated by a small fill volume to container area ratio
(i.e., small fill depth) and good contact between the
container bottom and the freeze dryer shelf. In general,
rapid ice growth is also promoted by a low shelf tem-
perature. However, if a warm vial with a large fill depth
is placed directly on a very cold shelf, a very high
degree of supercooling may be produced near the vial
bottom before convective mixing cools the upper
portion of the solution. Ice then forms near the vial
bottom whereas the remainder of the solution remains
completely liquid. Freezing then continues slowly from
bottom to top as a freezing front. Such a freezing
pattern normally produces a dried cake with two dis-
tinct structures: a region of very fine pores near the
bottom, with most of the cake having very large pores
due to the very large ice crystals that formed during
advance of the freezing front. The product may be per-
ceived as ‘‘lacking in elegance.’’ At the least, a process
designed to produce a fast freeze gives instead a slow
freeze.

A high degree of supercooling produces small ice
crystals and small pore size in the dried layer, which
results in a high resistance to water vapor transport
during primary drying.[39] Consequently, long primary
drying times result. Small ice crystals also mean a high
specific surface area in the dried product, which
decreases secondary drying time.[40] These trends sug-
gest that a moderate degree of supercooling is optimal.
While the size of ice crystals would not normally be
expected to impact on product quality, it is clear that
if a protein were to denature at the aqueous ice inter-
face, small ice crystals would mean a large interfacial
area and more denaturation, perhaps leading to
increased aggregation during freezing. There is now
clear evidence that, at least in some cases, proteins
may indeed denature at the aqueous–ice interface.[41,42]

In general, the optimum freezing process produces
moderate and uniform supercooling and fast ice
growth. Uniformity within a given vial avoids hetero-
geneous cake structure, and uniformity between vials
minimizes variation in drying rates and sample tem-
peratures. The combination of moderate supercooling
and fast ice growth is difficult to achieve as, in usual
practice, the cooling rate of the heat sink (i.e., the shelf)
is the only controllable factor in freezing. A general
procedure that normally gives satisfactory results
may be summarized as follows. First, the product
load is cooled to a temperature below the equilibrium

Freeze Drying 1811



Food–G
astro

freezing point but above the temperature where experi-
ence has demonstrated that ice nucleation does not occur
(i.e., typically ��5�C), and the load is equilibrated at
this temperature for a short time (i.e., 15–30min). Next,
the shelf temperature is decreased quickly toward the
final temperature (i.e., to �40�C at �1�C/min). At least
with a small fill depth (�1 cm), ice nucleation usually
occurs uniformly with moderate supercooling, yet
ice growth proceeds relatively rapidly. When product
temperature is monitored with temperature sensors in
selected vials, the time at which all measured product
temperatures are below a given temperature (i.e., time
when the product is several degrees above the final
shelf temperature) is recorded. Since vials containing
temperature sensors often freeze sooner than the batch
as a whole,[43] the product load is allowed to soak for a
fixed time (about an hour) to allow all vials to ‘‘catch
up’’ and reach the desired temperature at which all
product is in the solid state.

Primary Drying

Mass transfer resistance, product temperature, and
drying rate

The effect of product temperature and mass transfer
resistance on sublimation rate may be mathematically
illustrated[39,44] by expressing the sublimation rate per
vial, dm/dt, in terms of the driving force for transport
of water vapor from the ice–vapor interface to the
chamber, P0 � Pc,

dm

dt
¼ P0 � Pc

Rp þ Rs
ð1Þ

where P0 is the equilibrium vapor pressure of ice at the
temperature of the frozen product, Pc is the pressure in
the drying chamber, Rp is the resistance of the dried
product layer, and Rs is the stopper resistance. As P0

increases exponentially with temperature, it is obvious
that the driving force for sublimation, and, therefore,
also the sublimation rate, increases dramatically as
the product temperature increases (about a factor of
two per 5�C increase in temperature). The decrease in
primary drying time with increasing product tempera-
ture is illustrated by Fig. 3. These data represent calcu-
lations based upon integration of Eq. (1) for a
hypothetical (but typical) product at both a small
(0.5 cm) and large (2.0 cm) fill depths. The value of
chamber pressure used varies due to an attempt to
maintain the condition P0 Pc, but yet employ chamber
pressures near the optimum range for uniform heat
transfer (�0.1–0.2 Torr) when possible.[44] At the
lowest product temperatures, the chamber pressures
selected are well below the optimum for uniform heat

transfer, but much higher pressures would give very
long drying times. At each temperature, drying time
is roughly proportional to the square of the fill depth,
and target temperatures below �40�C become imprac-
tical for 2-cm fill depths.

It should be noted that Eq. (1) assumes that the gas
in the vial is essentially 100% water vapor. Both theo-
retical and experimental evidence indicate that, during
most primary drying conditions of practical interest,
the gas in the vial and the gas in the drying chamber
is nearly all water vapor, even when the chamber press-
ure is being controlled by an inert gas leak.[44] The
molar flow rate of inert gas (i.e., N2) leaked into
the drying chamber is generally much smaller than
the molar flow rate of water vapor during primary dry-
ing, so the composition of gas in the drying chamber
remains mostly water vapor. The inert gas ‘‘over-
whelms’’ the vacuum pumps and, therefore, increases
the total pressure in pumping system, which then
causes a ‘‘back-up’’ of water vapor into the drying
chamber.

Clearly, fast freeze-drying demands both high target
product temperature and a small fill depth, which
unfortunately is not always possible. To maintain pro-
duct elegance, and in some cases to minimize degra-
dation, primary drying must be carried out at
product temperatures below the collapse temperature.
As noted earlier, the collapse temperature and Tg

0 are
closely related, with the collapse temperature normally
being several degrees higher than Tg

0. In practice,
recognizing that not all vials freeze dry at exactly the
same temperature, the target product temperature is
chosen several degrees below the collapse temperature
to provide a safety margin. A collapse temperature is a
property of all components in the amorphous phase,
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Fig. 3 Calculated primary drying times for a typical product
as a function of product temperature. Open circles ¼ 0.5-cm
fill depth; filled circles ¼ 2.0-cm fill depth.
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and consequently the collapse temperature is highly
formulation dependent.[45,46]

Although the product temperature is generally the
most important factor in determining the rate of pri-
mary drying, product resistance is also an important
parameter. The dried product resistance, Rp depends
on the cross-sectional area of the product, Ap, by the
relation Rp ¼ R̂Rp/Ap, where R̂Rp is the area normalized
product resistance, which is independent of the sample
area but depends on both the nature of the product
and the thickness of the dried product. Thus, Rp

depends on the container used in that Ap is fixed by
the internal diameter of the vial. The units used for
R̂Rp

[39,44] are cm2 Torr hr g�1. With this choice of units,
the numerical value of R̂Rp represents the approximate
time (in hours) to freeze dry a 1–2 cm thick sample at
a temperature of �20�C, if the resistance would remain
constant over the duration of primary drying. As one
might expect, the resistance increases as the dry layer
increases in thickness, and therefore, resistance
increases as primary drying proceeds. However, the
relationship between resistance and thickness is not
usually a direct proportion, although the resistance is
often roughly linear in dry layer thickness.[39,44]

Variation of product resistance with concentration
is illustrated by the data in Fig. 4, where values of
the mean product resistance, hRpi, are given for various
product types at different total solute concentrations.
The mean product resistance is the mean resistance
over a dry layer thickness interval of 0–1 cm. The scat-
ter reflects formulation-specific effects whereas the

general trend with increasing concentration illustrates
the tendency of higher concentrations to produce
higher resistance and therefore, longer drying times.
A typical value for the resistance of a small 13-mm fin-
ish stopper is shown as a straight line. Note that except
for very dilute solutions, Rp � Rs.

Process control: product temperature
measurement

In most commercial freeze drying processes, chamber
pressure, shelf temperature, and time are the only con-
trollable process parameters. Product temperature is
not directly controlled. It is the balance between heat
and mass transfer that determines the product tem-
perature.[47] Obviously, shelf temperature is important
in determining the heat transfer and product tempera-
ture. However, because much of the heat is transferred
through the gas phase (i.e., collisions of gas molecules
with the hot shelf surface and the cold vial bottom),
heat transfer as well as mass transfer Eq. (1) is determ-
ined, in part, by the chamber pressure. Therefore, pro-
duct temperature is determined by shelf temperature,
chamber pressure, the heat transfer characteristics of
the vials, and the mass transfer characteristics of the
product and semistoppered vials.

Conventionally, product temperature is monitored
in a small number of vials by placing temperature sen-
sors at the bottom center of the vials. It is assumed that
at least the average of the measured temperatures is
representative of the rest of the vials. The trend in pro-
duct temperature with time is often used to determine
the end of primary drying. That is, when the measured
product temperature shows a sharp increase near the
anticipated end of primary drying, and begins to
approach the shelf temperature, it is assumed that all
ice in that vial has been removed. Generally, for that
vial, this assumption is correct. When all vials contain-
ing temperature sensors are judged dry by this cri-
terion, one might be tempted to assume that all vials
in the batch are dry. This assumption is not generally
correct. Vials containing temperature sensors are not
representative of the batch as a whole. There exists a
temperature and drying rate bias between the moni-
tored vials and the rest of the batch. Monitored vials
usually freeze sooner with less supercooling than does
the batch as a whole.[43] This effect is particularly sig-
nificant in production where due to the particle-free
environment, the introduction of a temperature sensor
introduces a significantly higher level of heterogeneous
nucleation sites, thereby causing nucleation of ice at a
lower temperature than in vials without temperature
sensors. Observations made during a production run
on moxalactam are illustrated in Fig. 5.[43] Monitored
vials supercool to around �15�C and then begin freez-
ing. The vials not monitored do not begin freezing until
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much later, at which time the product temperature
must be close to the shelf temperature of �25�C. Thus,
non-monitored vials undergo a much greater degree of
supercooling, have smaller ice crystals, smaller pores,
more resistance to mass transfer, freeze dry at higher
temperature, and require more time to dry than the rest
of the vials. The temperature bias during primary dry-
ing is usually small, �1�C, but the drying time bias is
10% of the primary drying time, which can be quite sig-
nificant for long primary drying times.[43] To compen-
sate for this bias in drying time, a soak period of
10–15% of the primary drying time is imposed follow-
ing the time when all monitored vials are judged dry.
Only after this soak period is the shelf temperature
increased for secondary drying. Premature increase of
the shelf temperature carries a high risk of collapse.
Thus, although monitoring the temperature of the pro-
duct in vials does provide some information on the
progress of primary drying, the information provided
is far from perfect!

Location of the monitored vials in the vial array
on the shelf is also an important factor in recording
representative data. Vials on the edge of an array
(i.e., facing the dryer door or walls) normally are not
representative of the vials in the interior of an array,
which are surrounded by other vials.[44] Due to differ-
ences in radiative heat transfer, such vials normally dry
faster at a higher temperature. With a shelf tempera-
ture around 5�C, temperature bias is about 1�C, with
drying time bias about 10%,[44] and the effect increases
in magnitude as the difference between shelf tempera-
ture and ambient temperature increases and chamber
pressure decreases. However, to minimize the risk of
loss of sterility in surrounding vials, the temperature
sensors are frequently placed in vials on the edge of
the vial array facing the door. Again, the monitored
vials are not representative of the batch as a whole.

Clearly, minimizing the risk of product contamination
with microorganisms is extremely important. From a
sterility assurance viewpoint, the ultimate low-risk pro-
cess is achieved with fully automatic loading systems,
which, in principle, can eliminate the need for human
presence in the sterile block except in emergency situa-
tions. However, it is difficult—perhaps impossible—to
place temperature sensors in product vials when using
an automatic loading system. Given the problems
noted above with the routine use of product tempera-
ture sensors, it would seem reasonable to employ pro-
duct temperature sensors only in development and
validation, where vials near the center of an array
could be monitored. With a robust process and suit-
able validation data, it may be assumed that pro-
duction batches would run with the same product
temperature history as the development and validation
batches. Thus, product temperature would not be
monitored during routine manufacturing. The simplest
process design involves using a fixed shelf tempera-
ture : chamber pressure : time program.

Designing an efficient and robust process based
upon a fixed shelf temperature : chamber pressure : time
program is not a difficult assignment when the primary
drying time is short. For example, if the primary drying
time of an average batch is 6 h, designing for worst case
of perhaps twice the primary drying time of an average
batch would extend the average process time by only
6 h; however, if the primary drying time of an average
batch is 4 days, designing for worst case will result in a
significant reduction of production capacity. By using
methodology for remote sensing of the end point of
primary drying,[43] which will be discussed later, this
process inefficiency can be virtually eliminated. More-
over, it is both possible and practical to monitor
product temperature without placing temperature
sensors in the product vials.[48] This methodology,
called manometric temperature measurement, is based
on an analysis of the rate of pressure increase in the
chamber when the valve separating the drying chamber
from the condenser chamber is periodically quickly
closed (and the pressure control system is deactivated)
for a brief period of time (�15 s). When the drying
chamber is thus isolated from the condenser chamber,
the chamber pressure increases due to four effects
(Fig. 6): (1) sublimation at the ice–vapor interface at
constant product temperature and transfer of water
vapor through the dried cake; (2) dissipation of
the temperature gradient in the frozen layer, thereby
increasing the temperature at the ice-vapor interface;
(3) heat flow from the shelf to the product, thereby
increasing the temperature at the ice–vapor interface;
and (4) natural air leaks from the surroundings into
the chamber. The pressure rise data is fitted to a theo-
retical function to obtain the average product tempera-
ture at the ice–vapor interface. Effects (3) and (4)
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Fig. 5 Experimental observation of freezing bias: a pro-
duction run of moxalactam di-sodium (from Ref.[42].)
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both produce a linear increase in pressure with time
whereas the other two effects are non-linear. Effect (1)
is dominant (Fig. 6), but a consideration of the other
effects is necessary to obtain accurate product tempera-
tures.[48] Manometric temperature measurement gives
the temperature at the ice–vapor interface, which is the
temperature relevant to collapse, and most important,
gives a representative temperature of the product vials
without risk of sterility compromise. The freeze dryer,
however, must be computer-controlled so that product
temperature data can be obtained in real time via math-
ematical analysis of the pressure rise data. Manometric
temperature measurement can also be used to sense
the end point of primary drying as well as providing
accurate dried layer resistance data.[48]

Process control and chamber pressure

Pressure control may be accomplished by one of
three methods: controlled nitrogen leak, conductance
control, or condenser temperature control. Pressure
control by ‘‘controlled nitrogen leak’’ is accomplished
by opening/closing a needle valve connected to a nitro-
gen source at atmospheric pressure in response to the
deviation of the measured chamber pressure from the
set point. Very fine pressure control, within �5mTorr,
ily be achieved. Typically, sterile nitrogen is leaked into
the drying chamber, but equally fine pressure control is
achieved by leaking nitrogen into the vacuum line near
the vacuum pumps. Although, to my knowledge, no
relevant data exists, current dogma suggests that leaking
into the drying chamber is preferred because the risk of

sterility compromise is less. Conductance control is
based upon modulating the resistance of the chamber
to condenser pathway by partially closing/opening
the valve separating the drying chamber from the
condenser chamber.[49] One disadvantage of this tech-
nique is the inability to control pressure during
secondary drying. Once evolution of water vapor
slows to very low rates (during secondary drying),
the chamber pressure will reduce to whatever ultimate
vacuum the system will produce that day. Although
control of chamber pressure to regulate heat input
is only necessary in primary drying, one could argue
that a process that does not control pressure through-
out the process is not fully reproducible. In general,
this argument is without scientific foundation, but there
are special circumstances where product contamination
by adsorption of volatile stopper impurities (or other
foreign vapors in the freeze dryer) may occur, and such
contamination is more serious at very low chamber
pressures.[50] Here, one would want to control chamber
pressure in secondary drying at a somewhat elevated
level (�200mTorr). Chamber pressure can also be con-
trolled by control of condenser temperature, provided
the freeze dryer design provides for fine control of
condenser temperature.[49] Control of condenser tem-
perature controls the vapor pressure of ice on the
condenser, thereby controlling the partial pressure of
water in the drying chamber. Due to natural air leaks
and the finite pressure difference between condenser
and chamber required for mass transfer, the controlled
chamber pressure will be somewhat higher than the
vapor pressure of ice on the condenser, perhaps
20–50mTorr higher. Thus, to control chamber pressure
at 200mTorr, the condenser temperature would be con-
trolled at a temperature around �35�C. With this mode
of pressure control, the vapor in the drying chamber
remains essentially 100% water vapor throughout the
process, including secondary drying. Conversely, with
pressure control by a nitrogen leak, the vapor changes
from essentially 100% water vapor in primary drying
to mostly nitrogen during secondary drying (Fig. 7).
Thus, a process run with a nitrogen leak to provide
pressure control is not necessarily the same as the corre-
sponding process run with pressure control via control
of condenser temperature. In general, the difference is
not expected to be of practical significance. With a final
product temperature of 25�C or greater in secondary
drying, a chamber pressure of 200mTorr pure water
vapor produces a relative humidity of less than 0.8%,
which is not high enough to impede secondary drying
of most materials. However, chamber pressure control
via condenser temperature control will not produce the
change in gas composition noted in Fig. 7, as the system
passes from primary drying to secondary drying, which
does limit the process control options for determining
the end point of primary drying.
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Fig. 6 Calculated contributions to the pressure rise in a
manometric temperature measurement experiment. Calcula-

tions were made for a typical product with an initial ice
temperature of �20�C, corresponding to an initial vapor
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Process control: effect of condenser performance

Depending upon dryer design and operating con-
ditions, the condenser temperature may vary over a
wide range. As long as the condenser temperature
remains sufficiently low to allow control of the cham-
ber pressure at the desired set point, the temperature
of the condenser has no impact on the freeze drying
process [i.e., no change in any of the variables in
Eq. (1)]. For example, if the chamber pressure is being
controlled (via a nitrogen leak) at the target pressure of
0.10Torr with a condenser temperature of �50�C,
reduction of the condenser temperature to �70�C will
have no effect on the process. Here, the reduced partial
pressure of water at the condenser will be compensated
by an increased partial pressure of nitrogen arising
from an (automatic) increase in nitrogen leak rate.
Although a detailed analysis of condenser performance
is complex[49] and beyond the scope of this chapter, it
should be noted that under conditions of very high
sublimation rate, the condenser system may be over-
loaded, resulting in loss of pressure control (i.e., the
chamber pressure increases beyond control). Unless
the shelf temperature is sharply decreased, a ‘‘run-
away’’ condition may develop with loss of product
temperature control and ultimately, loss of the batch
due to product collapse or ice melt. An overloaded

condenser may reflect uneven ice build-up at the con-
denser plates caused by suboptimal design or oper-
ation, but may also arise from operation beyond the
design capability of the refrigeration system.[49] That
is, the refrigeration system may not be able to remove
heat from rapidly condensing water vapor (i.e., from
very high sublimation rate) and yet maintain the
condenser plate temperature low.

Process control: determination of the end
point of primary drying

Typically the shelf temperature setting used in primary
drying is much lower than the shelf temperature
required for efficient removal of residual water during
secondary drying. Because an increase in shelf tem-
perature before all vials have completed primary dry-
ing carries a high risk of product collapse, some
indicator of the end of primary drying is needed for
optimum process control. Of course, one can increase
the temperature for secondary drying at a fixed time,
but as discussed earlier, such a process is not an opti-
mum one (i.e., the process is normally longer than
necessary). Product temperature response is the most
common indicator of the end of primary drying. Here,
the time is noted when all product temperature sensors
approach the shelf temperature being used in primary
drying. Next, a delay time or soak period is introduced
to compensate for the fact that the vials containing
temperature sensors are not typical of the batch as a
whole. After this delay time, the shelf temperature is
increased from the primary drying setting to the setting
used for secondary drying. As determination of the
appropriate delay time is difficult, the delay times used
are often quite arbitrary. The principle problem is that
freezing bias normally differs considerably between
development and manufacturing. Thus, the optimum
delay time for manufacturing cannot be determined
in most development laboratories. It is obvious that
use of product temperature sensors to determine the
end point of primary drying is not entirely satisfactory.
As suggested earlier, manometric temperature
measurement may be used to determine the end point
of primary drying. A far simpler method is to base
the determination of the end point upon a real time
measurement of the vapor composition in the freeze
dryer chamber. As primary drying ends, and the pro-
cess passes into secondary drying, the composition of
the vapor in the drying chamber shifts from nearly
pure water vapor to nearly pure nitrogen (Fig. 7),
assuming chamber pressure is being controlled via a
nitrogen gas leak. A sensitive and inexpensive measure-
ment of vapor composition is provided by an electronic
moisture sensor with output in dew point or partial
pressure of water.[43,51] An electronic moisture sensor
has the sensitivity to determine presence of residual
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ice in less than 1% of the vials,[43] and under some con-
ditions can also be employed to determine the end
point of secondary drying (i.e., when the residual
moisture has been reduced to below the target level).[51]

Secondary Drying: Desorption of Water
from the Freeze Concentrate

Product temperature control
and glass transitions

The concept that one must maintain the product
temperature below the collapse temperature during
primary drying is now well accepted. Exceeding the
collapse temperature will cause loss of product ele-
gance, which will vary from moderate deformation
and shrinkage to a complete melt and deposition along
the walls and bottom of the vial. Structural collapse
also may occur during secondary drying or during
storage of the dried product, particularly if the dried
product contains high levels of residual moisture, and
the storage temperature is high. If the product tem-
perature exceeds its glass transition temperature, cake
shrinkage and deformation will occur. Such an event
is a less common problem during secondary drying
than is collapse during primary drying, largely because
most secondary drying processes are extremely con-
servative during the early stage where a glass transition
is most likely. As the water content of the amorphous
phase decreases during drying, the glass transition
temperature increases very sharply. Some representa-
tive data are shown in Fig. 8. If the shelf temperature
remains at the setting used in primary drying for the
first few hours of secondary drying, as is common

practice, the glass transition temperature will nearly
always rise much faster than will the product tempera-
ture. However, if one were to optimize secondary
drying, and therefore, eliminate most of the dead time
in early secondary drying, the potential for a glass
transition would increase dramatically. Here, a knowl-
edge of the glass transition temperature as a func-
tion of water content would be required for process
optimization.

Optimum residual moisture

The optimum residual moisture for a given product
must be established by empirical studies. Certainly,
to eliminate the possibility of a structural collapse dur-
ing storage, the water content needs to be low enough
so that the glass transition temperature is well above
the highest temperature relevant to product distri-
bution and storage. Moreover, in our experience with
both small molecules and proteins, in-process degra-
dation is generally relatively insensitive to the final
moisture content, and storage stability normally
improves as residual moisture decreases, although the
relationship between stability and residual water is
not necessarily linear. Data for human growth hor-
mone (hGH) formulated with glycine and mannitol,[19]

human serum albumin,[52] and hemoglobin formulated
with sucrose[53] illustrate the range of behavior nor-
mally encountered (Fig. 9). The rate of chemical degra-
dation of hGH at 25�C (methionine oxidation and
asparagine deamidation) increases in highly non-linear
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Fig. 9 The effect of residual water on the stability of freeze-
dried proteins. Circles ¼ human growth hormone deamidation

and oxidation at 25�C, %/month; squares ¼ aggregation of
human serum albumin at 50�C, %/day; triangles ¼
hemoglobin oxidation at 23�C in a sucrose formulation,
%/year (From Ref.[19,52,53].)
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temperature for moxalactam di-sodium during secondary
drying. (Calculated from data in Refs.[25,40].)
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fashion by nearly an order of magnitude as the mois-
ture content varies from 1% to 2.5%;[19] the rate of
aggregation of human serum albumin increases line-
arly with increasing moisture content;[52] and the rate
of hemoglobin oxidation at room temperature doubles
as the residual water content increases from 1% to
4%.[53] Although the optimum moisture content for
storage stability may be zero, the gain in stability
between about 1% water and zero water content is
often not sufficient to justify the additional processing
complications in achieving and maintaining extremely
low water contents. An exception is storage stability
of a monoclonal antibody–vinca alkaloid conjugate
formulation where stability is sensitive to very low
levels of residual moisture.[22]

The decrease in storage stability accompanied by an
increase in residual moisture is often interpreted in
terms of molecular mobility in the solid. That is, higher
water content facilitates the mobility needed to support
reactivity of the protein. One interpretation states that
above monolayer levels of water, the protein has
increased conformational flexibility, and the additional
water has the ability to mobilize water and other
potential reactants in the amorphous protein phase.[54]

Both effects are expected to increase the rate of protein
degradation. Alternatively, water plasticizes the
amorphous phase, thereby lowering the glass transition
temperature, Tg. Indeed, if sufficient water is present to
lower Tg below the storage temperature, the amorph-
ous phase would be in a fluid state, with greater
mobility and greater reactivity than when stored below
Tg in a glassy solid state. A system stored above its Tg
would also suffer cake collapse and loss of pharmaceu-
tical elegance. Although the monolayer and the glass
transition interpretations are similar in that they both
attribute the increased reactivity to water induced
mobility in the amorphous phase, they differ in that
a system above the monolayer level of water is not
necessarily above the glass transition temperature.
Furthermore, as the level of water equivalent to mono-
layer coverage is essentially independent of tempera-
ture, the monolayer concept predicts that the trend in
stability with water content is independent of tempera-
ture. For example, if monolayer coverage is equivalent
to 10% water, protein reactivity would increase sharply
above 10% water at all temperatures. Conversely, the
glass transition interpretation states that the key
stability variable is the difference between the glass
transition temperature and the storage temperature,
T � Tg. Here, reactivity increases sharply when
T > Tg, so the sudden onset of reactivity depends on
both T and the water content through the effect of
water content on Tg.

Although most empirical and theoretical evidence
suggest that storage stability improvesmonotonically as
the water content decreases, we must also acknowledge

the common assumption that there is a critical nonzero
level of water that a protein requires for conforma-
tional stability in the freeze dried solid, and therefore,
some intermediate level of residual water would be
optimum for stability. Although direct experimental
evidence for this assumption is meager, some systems
do have inferior stability when highly desiccated.
Influenza virus is clearly less stable when the residual
moisture deviates from the optimum 1.7%,[55] but the
direct relevance of this observation to protein formula-
tions is uncertain. Aggregation of excipient-free tissue
plasminogen activator at high temperature is faster
at low water content,[56] and aggregation of excipient-
free hGH during storage at 25�C is faster in samples
that, at some time in their history, have been highly
desiccated.[19]

Factors impacting drying rate

Water removal during secondary drying involves dif-
fusion of water in the glassy solid, evaporation at the
solid–vapor boundary, and flow through the pore
structure of the dried cake. During the early portion
of secondary drying, water: content is high, and the
drying rate is high in spite of the relatively low
temperature of the solid.[40] An illustration of second-
ary drying kinetics under isothermal conditions is
given in Fig. 10[40] for samples initially about 7%
water. Mannitol is crystalline whereas povidone and
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Fig. 10 Examples of the kinetics of secondary drying.
Triangles ¼ mannitol (crystalline); squares ¼ poly
(vinylpyrrolidone); circles ¼ moxalactam di-sodium (amorph-

ous). All solids were prepared by freeze-drying a 5% aqueous
solution from a 1-cm fill depth, followed by hydration to a
uniform moisture level of �7%. The quantity, F, is the frac-

tional attainment of equilibrium, which corresponds to near
zero water content. The secondary drying conditions were: pro-
duct temperature ¼ 18�C; chamber pressure ¼ 200mTorr.
(From Ref.[40].)
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moxalactam are 100% amorphous. Even at the start of
the experiment, the glass transition temperatures of
povidone and moxalactam are well above the sample
temperature of 18�C. Thus, water is being removed
from either an essentially crystalline solid (mannitol)
or glassy amorphous solids (povidone and moxalac-
tam). The symbol F represents the fractional attain-
ment of equilibrium, which in these experiments is
near zero water content. Thus, 1-F represents a nor-
malized water content with a value of unity represent-
ing no progress in drying. Although the quantitative
aspects of drying behavior are obviously specific to
the product, in each case, the water content is reduced
sharply during the first 1–2 h, followed by a period of
much lower drying rate. If the drying rate were directly
proportional to the residual water content, drying
kinetics would be first order, and the curves in Fig. 10
would be straight lines. A simple diffusion model based
upon constant diffusion constant and constant area for
diffusion would also predict linear semilog drying
curves.[40] Obviously, the curves are not straight lines.
The residual water content appears to approach a pla-
teau level, which is specific to the product. For the
mannitol data, the plateau level of residual water
is very low (�0.1–0.2%) and probably represents
occluded water in the crystalline mannitol. For the
amorphous samples, povidone and moxalactam, the
plateau levels are quite high, �1% for povidone and
�3% for moxalactam (i.e., a significant fraction of
the water appears to be bound). However, calculations
based upon equilibrium water desorption isotherms
and the measured partial pressures of water in the dry-
ing chamber demonstrate that the residual water
present at the end of 6 h is far above the equilibrium
water content.[40] Thus, the residual water is not bound
in a thermodynamic sense, but rather is kinetically
trapped, a result, at least in part, of decreasing effective
surface area for desorption of water as the smaller
more rapidly drying solid particles are dried.[40] For a
given product, the plateau level of water decreases as
the drying temperature is increased, decreases as
the specific surface area of the solid increases, but is
relatively insensitive to the thickness of the dried
cake.[40]

Traditional freeze drying practice has often used
very low chamber pressures during secondary drying,
presumably in the belief that the rate of secondary dry-
ing would be accelerated by the use of the low
pressures. However, it is found[40] that the rate of sec-
ondary drying is insensitive to chamber pressure, at
least with pressures in the range of 0–0.2 Torr.[40] This
empirical observation is consistent with the conclusion
that the rate-limiting mass transfer process for drying
an amorphous solid is either diffusion in the solid or
evaporation at the solid–vapor boundary, probably
the latter.[40] As the use of very low pressures in

secondary drying may facilitate contamination of the
product by adsorption of impurity gases from the stop-
per or other sources,[50] it is clear that relatively high
chamber pressures (�0.1–0.2 Torr) should generally
be used for secondary drying. Of course, extremely
high chamber pressures (�1Torr) should perhaps be
avoided. With very high chamber pressures, flow of
water vapor through the pore structure would become
rate limiting, and the very high pressure would then
decrease the rate of drying.

Changes in moisture content during storage

Often one employs a heroic secondary drying process
to reduce the residual water content to very low levels
only to find that the moisture content increases during
storage. Although moisture transfer from ambient
through the stopper is possible, the increase in moist-
ure content is most often related to moisture release
by the stopper.[57] This phenomenon is illustrated in
Fig. 11, where the time dependence of moisture content
in 25mg of freeze-dried lactose is given. Here, the stop-
pers were gray butyl stoppers that had been previously
steam sterilized, followed by 1 h of vacuum drying to
remove excess water. The symbols represent experi-
mental data for 40�C, 25�C, and 5�C storage, and the
smooth curves represent the best fit to a theoretical
model.[57] It should be noted that at least at 40�C
and 25�C storage, the moisture content increases shar-
ply from 1%, but then reaches a plateau value of about
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Fig. 11 Kinetics of water transfer from stoppers to 25mg

freeze dried lactose. The stoppers were 13mm finish West
1816 gray butyl stoppers that were steam sterilized and vac-
uum dried for 1 hour. Circles ¼ 40�C; triangles ¼ 25�C;
squares ¼ 5�C. (From Ref.[57].)
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4.3%, suggesting that equilibrium has been reached.
That is, at the plateau value of 4.3% water, the activity
of the water in the stopper is equal to the activity of
water in the lactose and mass transfer ceases. In other
studies, we have noted samples deliberately prepared
to be initially of high water content have lost water
during storage. In short, there is moisture equilibration
between moisture in the stopper and moisture in the
product that may either increase the moisture content
of a dry product or decrease the moisture content of
a wet product. The plateau or equilibrium level of
water appears to be independent of temperature. The
equilibrium values for 40�C storage and 25�C storage
are identical, and the moisture content values for 5�C
storage appear to be approaching the same equilibrium
value of 4.3%. The rates of approach to equilibrium,
however, is strongly temperature dependent. The
equilibrium level of water is strongly dependent upon
the stopper treatment history. Stoppers vacuum dried
for 8 h after steam sterilization allowed only a small
increase in moisture content during storage. The
equilibrium water content is lower for a higher mass
of solid, and is slightly higher for a more hygroscopic
product.[57]

The moisture exchange between stopper and pro-
duct may have important stability consequences.
Absorption of moisture from the stopper may result
in a product which has, after time, a moisture content
high enough so that the glass transition temperature is
below the storage temperature. Structural collapse will
result, and stability of the product may well be com-
promised. Moreover, because the glass transition tem-
perature often changes dramatically in a narrow range
of water content, the onset of instability could be quite
sudden. Moisture exchange may be moderated by
extensive high temperature vacuum drying of the stop-
pers after steam sterilization. A better solution is to
employ alternate rubber formulations that are less
prone to release water to the product. Such stopper
formulations are now available from several vendors.

FORMULATION AND STABILITY

Function of Excipients

Most freeze-dried products contain several compo-
nents in addition to the drug or active component.
These additional components, called excipients, are
intended to serve a specific function, normally related
to stability or process, and may constitute the major
fraction of the freeze-dried solid.

With some products, the quantity of drug per vial is
extremely small. Here, bulking agents such as mannitol
or glycine are used to provide product elegance (i.e.,
satisfactory appearance) as well as to provide sufficient

cake mechanical strength to avoid product blow-out.
When a very dilute solution is freeze dried, the flow
of water vapor during primary drying may generate
sufficient force on the fragile cake to break the cake
structure and carry some of the product out of the vial
with the water vapor stream. Product blow-out nor-
mally occurs only when the solution to be freeze dried
is very low in total solids (1% or less). Thus, with low
dose drugs, a bulking agent may be a critical formu-
lation component.

Collapse temperature modifiers are excipients that
will increase the collapse temperature to allow more
efficient freeze drying without collapse. Such materials
may also function as bulking agents and/or stabilizers.
Dextran (Tc ¼ �10�C), hydroxyethyl starch (Tc ¼
�10�C), ficoll (Tc ¼ �20�C), gelatin (Tc ¼ �8�C)
are examples. Although none of these materials are
commonly used in parenteral formulations, dextran
and hydroxyethyl starch are used in large quantities
as IV therapeutic agents, and therefore, would presum-
ably be acceptable as excipients. Usually, the collapse
temperature of a mixture is intermediate between the
collapse temperatures of the individual components,[58]

but collapse temperatures of candidate formulations
cannot be predicted with high accuracy.

Macroscopic collapse may often be avoided by use
of a crystalline matrix component. Here a readily crys-
tallizable component is added at a relatively high level
(i.e., more than 50% of total solids and ideally much
more) such that a crystalline matrix is formed. Freeze
drying such a formulation amounts to freeze drying
with microscopic or partial collapse (i.e., complete col-
lapse of the amorphous phase), but cake structure is
maintained by the crystalline component. Thus, both
elegance and good reconstitution time will be main-
tained, and the samples will normally dry to low
residual water with ease. However, if collapse of the
amorphous phase containing the protein leads to
degradation, this method for circumventing collapse
is not viable. Glycine and mannitol are commonly used
as crystalline matrix components. This excipient func-
tion is, in reality, a special case of the use of a bulking
agent.

Particularly with proteins, excipients are often
added to prevent degradation, as for example, lyopro-
tectants, antioxidants, non-ionic surfactants, metal ion
chelators, and other proteins such as BSA in diagnostic
products. In many cases, the stabilizer may also serve
as a bulking agent. Glycine, mannitol, sucrose, and lac-
tose are perhaps the most commonly used stabilizers.
However, as lactose is a reducing sugar and commonly
reacts with proteins, its use must be questioned. Man-
nitol tends to crystallize, and is, therefore, generally a
poor choice as a stabilizer. Sugars, in particular
sucrose, are often effective lyoprotectants, as well as
enhancers of storage stability.
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Buffers are often added to control pH, but caution
must be exercised when buffers are used in a
formulation to be freeze dried. As discussed earlier,
crystallization of either buffer component (acid or
base) during freezing may cause a significant pH shift
during freezing, thereby causing greater pH variation
thanwould have been obtained in an unbuffered system.

Products intended for human use are occasionally
formulated with NaCl or glycerol to make the reconsti-
tuted product isotonic. This practice is normally not a
requirement for IV drugs, but can be quite important
in minimizing pain on injection of subcutaneous and
IM doses. In general, and in particular with proteins,
isotonic adjustment is best accomplished by including
the tonicity modifier in the diluent rather than in the
freeze-dried product. Sodium chloride and glycerol
can lower the collapse temperature significantly, and
sodium chloride may cause aggregation of the protein
during freeze drying.

With multidose products, there is a need for use of a
preservative to prevent microbial growth during the
period of product use. Mixtures of ethyl- and methyl-
parabens are a common choice as are phenol and
m-cresol. As preservatives are used at extremely low
levels (i.e., �0.1% w/w in solution), they normally
would not alter the collapse characteristics of the for-
mulation. However, since the preservative is not
needed during the freeze drying process, to keep the
formulation for freeze drying as simple as possible,
preservatives are best introduced via the diluent
intended for reconstitution.

Surfactants may be added at low levels (i.e., �0.05%
w/w in solution) for several purposes. Surfactants may
aid reconstitution if the drug does wet well, and surfac-
tants are often added to low dose products to minimize
losses due to surface adsorption. Surfactants may also
be effective as stabilizers in low dose protein systems.

Relationships between Formulation
and Process

Particularly for freeze-dried products, formulation
and process are interrelated. Properties of the formu-
lation, in particular the collapse temperature, will have
a significant impact on the ease of processing. An
efficient process is one that runs a high product
temperature. However, the temperature cannot be
too high or product quality will be compromised. As
the glass transition temperature depends on chemical
composition of the amorphous phase, Tg

0 and collapse
temperature are strongly formulation dependent.
Collapse temperatures for common excipient systems
vary from less than �50�C to around �10�C (Table 2).

The collapse temperature depends upon the compo-
sition of the amorphous phase, and crystallization of

one or more components may significantly alter the
collapse temperature. In this way, process variations
that induce crystallization may alter the physical state
of the formulation. For example, human growth hor-
mone (hGH) formulated with glycine and mannitol
in a hGH : glycine :mannitol weight ratio of 1 : 1 : 5
may form a completely amorphous system if frozen
very quickly. Here, the collapse temperature is
�24�C. However, a slower freeze allows crystallization
of most of the mannitol, resulting in a collapse tem-
perature greater than �5�C.[18] Another example is
provided by the glycine : sucrose system[64–68] where
glycine is present in excess of the sucrose. If frozen
quickly, glycine remains amorphous, and the glycine:
sucrose freeze concentrate has a very low collapse
temperature (i.e., roughly �45�C, depending upon the
exact composition). However, if glycine is allowed to
crystallize, the glass transition temperature is essen-
tially that of a sucrose freeze concentrate (i.e., about
�34�C). Further, as the structure is maintained by
the crystalline glycine, exceeding Tg

0 does not result
in macroscopic collapse, and the system may be freeze
dried without apparent collapse even at temperatures
exceeding �15�C. Thus, crystallization can transform
a formulation from one that is nearly impossible to
freeze dry in a commercial operation to one where
freeze drying is relatively easy. Clearly, if both glycine
and sucrose are included in the formulation, the level
of glycine must be either very low or very high relative
to sucrose. If the level of glycine in the sucrose phase
is very low, glycine will not crystallize but the impact
on Tg

0 will be minimal. If the level of glycine is
high, glycine can be induced to crystallize nearly com-
pletely,[66,68] thereby minimizing the level of glycine
in the amorphous phase and maximizing the Tg

0 of
the formulation.

The glass-transition temperature of a multicompo-
nent amorphous system may be estimated from glass
transition temperatures of the individual amorphous
components.[69] The simplest expression, commonly
referred to as the Fox equation, is

1

Tg
¼ wi

Tgi
þ w2

Tg2
ð2Þ

where wi, is the weight fraction of component i and Tgi
is the glass transition temperature of pure component i.
Generalization of Eq. (2) to systems of more than two
components is obvious. The effect of a second solute
component on a formulation may be roughly calcu-
lated from Eq. (1) if Tgi in Eq. (2) is identified with
Tg

0 of aqueous component i, and wi are weight fractions
of solute relative to the total mass of solute. Although
Eq. (2) does not strictly apply to a freeze concentrate
containing two (or more) solute components and
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water, such calculations from Tg
0 data are sufficiently

accurate to be of practical use. For example, the effect
of glycine on Tg

0 of aqueous sucrose systems[65] is fully
consistent with Eq. (2).

Bulking Agents

General considerations

Bulking agents are intended to be inert and simply
function as fillers to increase the density of the product
cake. Product elegance is improved and product
blow-out is prevented, but the bulking agent is not

intended to provide enhanced chemical or physical
stability of the drug substance. Amorphous excipients
can function as bulking agents, but most amorphous
excipients have relatively low collapse temperatures
and therefore require low drying temperatures and
long processing times. For example, although lactose
has been used as a bulking agent, the relatively low col-
lapse temperature (�31�C) requires long processing
times. In addition, lactose is a reducing sugar and will
chemically react with amine functionality, and
therefore, cannot be used with many drugs. Although
not in common use as a freeze-drying excipient, hydro-
xyethylstarch is an example of an inert amorphous
additive with a high collapse temperature and

Table 2 Collapse temperature Tc (
�C), and glass transition, Tg

0 (�C) data for selected excipientsa

Material Tg
0 (�C) References Tc (

�C) References

Polymers
BSA �11 [46]
Dextran �10 [46,59] �10 [60,61]
Ficoll �19 [59] �20 [45]

Gelatin �9 [59] �8 [45]
PVP (40k) �20 [59] �23 [45]

Saccharides and polyols
Dextrose �44 [59]

Hydroxypropyl b-cyclodextrin �18 [60]
Lactose �28 [46,59] �31 [60,61]
Mannitol �35, �28 [46,59]

Raffinose �27 [62] �26 [45]
Sorbitol �46 [59] �45 [45]
Sucrose �32, �35 [46,63] �34, �32 [60,61]

Trehalose �27, �29 [46,59] �34 [60]

Amino acids
b-Alanine �65 [46]
Glycine (�62) [64]
Histidine �33 [46]

Salts and buffer components

Acetate, potassium �76 [46]
Acetate, sodium �64 [46]
CaCl2 �95 [46]

Citric acid �54 [46]
Citrate, potassium �62 [46]
Citrate, sodium �41 [46]

HEPES �63 [46]
NaHCO3 �52 [46]
Phosphate, KH2PO4 �55 [46]

Phosphate, K2HPO4 �65 [46]
Phosphate, NaH2PO4 �45 [46]
Tris base �51 [46]
Tris HCl �65 [46]

Tris acetate �54 [46]
ZnCl2 �88 [46]

aCollapse temperature data were obtained with freeze drying microscopy and Tg
0 data were obtained by DSC at roughly 10�C/min heating rates

and represent mid-points of the glass transition region. Molecular weight is given for polymers when the data are sensitive to molecular weight.

When significant differences exist between laboratories, both values are given. Values in parentheses were estimated by extrapolation from non-

crystallizing mixtures to the pure compound.
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therefore, could function as a bulking agent without
requiring long processing times. However, hydroxy-
ethylstarch tends to undergo some cake shrinkage
and cracking during drying and therefore, provides a
less elegant product than do the common crystalline
bulking agents, glycine and mannitol. Since sorbitol
is simply an isomer of mannitol, one might expect sor-
bitol could serve as a bulking agent. However, sorbitol
does not easily crystallize during freeze-drying,
and amorphous sorbitol has a collapse temperature
around �45�C (Table 2), thereby preventing its use
at high levels in formulations for freeze-drying. Human
serum albumin (HSA) or in diagnostic products, bov-
ine serum albumin (BSA), have seen use as bulking
agents and/or stabilizers. However, given current
concerns regarding excipients isolated from human
sources, use of HSA in new pharmaceutical products
should be questioned. Mannitol is by far the most
commonly used bulking agent. A mannitol-based for-
mulation is elegant, reconstitutes quickly, and except
for the potential of vial breakage[26,70,71] is generally
easy to freeze dry without risk of product defects.
Vial breakage is minimized by small fill depths, lower
mannitol concentration, slow freezing, and avoiding
freezing temperatures less than about �25�C until
crystallization is complete. Glycine functions well as
a bulking agent. Glycine crystallizes easily to form
an elegant product that reconstitutes quickly and
does not induce vial breakage. However, a glycine cake
is more fragile than a mannitol cake, and is generally
perceived as being somewhat less elegant than a man-
nitol cake.

Polymorphism in crystalline bulking agents

In general, the polymorphism issue of greatest signifi-
cance in freeze-drying is whether or not a given compo-
nent is crystalline or amorphous. Which crystalline
polymorph forms is usually of secondary importance.
However, it should be noted that both mannitol and
glycine do exhibit crystalline polymorphism in freeze-
dried systems.[72–75] The only crystal polymorphism
issue of known significance is the formation of a
hydrate of mannitol.[73,75] Under some conditions,
not fully understood, mannitol forms a hydrate that
does not easily desolvate to an anhydrate during sec-
ondary drying. Secondary drying at temperatures in
excess of 50�C appear to be necessary todesolvate the
hydrate. Thus, samples of freeze-dried mannitol may
have high residual water content if secondary drying
temperatures were moderate. If this residual water
were to remain bound in the hydrate crystal lattice,
the high residual water content would simply be a curi-
osity. However, during storage, particularly at elevated
temperature, the hydrate slowly desolvates, thereby
releasing water to the amorphous drug phase. Such a

scenario may compromise storage stability, parti-
cularly during accelerated stability tests.

Conditions for crystallization of bulking agents

A number of factors are critical for crystallization of
the bulking agent. First, the nature of the bulking
agent is of obvious importance. Unless the bulking
agent will readily crystallize from an aqueous system
at ambient temperatures, crystallization during freez-
ing is unlikely. Although both mannitol and glycine
do readily crystallize during freezing, there are many
other solutes that readily crystallize and are at least
potentially acceptable as excipients for parenteral
drugs. Mannitol and glycine are simply the most com-
monly used bulking agents. Crystallization is favored
by higher concentrations of crystallizable solute, and
perhaps most important, the bulking agent must be
the major solute component to obtain reliable crystal-
lization. The presence of high levels of other solutes,
particularly those that remain amorphous, will gener-
ally impede or prevent crystallization of the bulking
agent. As a general formulation rule, one should
employ the crystallizable bulking agent at a concen-
tration (weight percent) that is at least a factor of three
greater than the sum of the concentrations of all other
solute components. In addition, because resistance of
the dry layer to flux of water vapor increases as the
concentration of total solids increases, thereby
prolonging primary drying, one should avoid total
solids concentrations much above 100mg/ml when
possible. A rigid adherence to both of these rules
would suggest that one would not employ a bulking
agent if the drug concentration were much in excess
of 25mg/ml. Indeed, because a bulking agent is nor-
mally not needed to avoid product blow-out at drug
concentrations above 25mg/ml, one should question
the use of bulking agents in such applications.

Surfactants

Generally, surfactants are employed to reduce surface
adsorption losses of low-dose drugs, to improve wet-
ting and reconstitution behavior, and to stabilize pro-
teins during freezing. In nearly all applications, it is a
nonionic surfactant that is used, and by far the most
commonly used surfactant is polysorbate 80. However,
it should be noted that the popularity of polysorbate
80 is due more to its extensive history of use and pre-
sumed greater acceptance by regulatory agencies than
to its demonstrated superior performance in a given
application. In practice, the surfactant level is very
low, typically 0.01–0.1%w/v.

Proteins and surface active drugs often adsorb on
filters, solution-processing equipment, and container
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surfaces, thereby producing loss of drug. Such losses
are normally only of practical significance if the drug
concentration is very low (i.e., when the total amount
of drug loss is a significant percentage of the drug in
solution). Addition of a low concentration of surfac-
tant will frequently reduce the level of drug adsorption
simply because the surfactant is preferentially adsorbed
at the surfaces. With proteins, surface-adsorption
effects may be considerably more complex and damag-
ing. Many proteins adsorb at interfaces, particularly the
air–water interface, suffer a conformational change,
desorb from the interface, and either refold or combine
with other conformationally altered molecules, thereby
leading to irreversible aggregation.

Human growth hormone aggregates extensively
during shaking an aqueous solution, but this aggre-
gation can be nearly eliminated by adding Polysorbate
20 to the formulation.[76] It should be noted that
although other surfactants (including polysorbate 80)
were studied, Polysorbate 20 was the most effective sta-
bilizer. In this study, all surfactant levels studied were
above the surfactant critical micelle concentration
(CMC), but the rate of aggregation decreases linearly
as a function of increasing polysorbate 20 : hGH mole
ratio until it exceeds 2.0. This linearity provides a clue
to the stabilization mechanism. As surfactant adsorp-
tion to the air–water interface would be expected to
depend on the surfactant monomer concentration,
and the monomer concentration is constant above
the CMC, a stabilization mechanism involving adsorp-
tion of surfactant to the air–water interface would be
expected to produce a roughly constant stabilization
effect at all surfactant concentrations above the
CMC. The data are not consistent with this prediction.
However, it is known that polysorbate 20 binds to
hGH with a stoichiometry of about 2.5 to 4.[77] Thus,
it seems plausible that stabilization during shaking
involves binding of surfactant to the surface of the
protein.[77]

Aggregation of hemoglobin during freeze–thaw is
essentially eliminated by addition of polysorbate 80
at concentrations from 0.0125% to 0.1%.[78] Without
polysorbate 80, particle formation after five freeze–
thaw cycles increased by more than an order of magni-
tude when freezing to �20�C and by about a factor of
five when freezing to �80�C. However, use of polysor-
bate 80 reduced particulate generation at both freezing
temperatures to a level where particulate levels after
freeze–thaw were not significantly different than before
freezing. Attempts to demonstrate binding of the sur-
factant to hemoglobin were unsuccessful, suggesting
that the stabilization mechanism does not involve
binding to the protein. Rather, it was proposed that
stabilization involves surfactant adsorption at the
interface, thereby preventing the protein from adsorb-
ing at interfaces.

Although one cannot always expect protein aggre-
gation to be eliminated as effectively by addition of
surfactant as demonstrated in the above examples, it
is certainly prudent to test the effect of surfactants in
situations where protein aggregation is a problem dur-
ing freeze–thaw or during solution handling.

Stabilizers

Types of stabilizers

A stabilizer is simply a formulation component with-
out physiological effect that is added to the formu-
lation to maintain the physical or chemical stability
of the drug substance. As discussed in the previous sec-
tion, the function of a surfactant may be to stabilize,
and as control of pH is often critical to stability, one
might consider buffers to be stabilizers. However, in
this section we will address stabilizers other than sur-
factants or buffers. Further, as most of the stabiliza-
tion literature deals with proteins, our discussion will
focus on proteins, although in principle many stabiliza-
tion principles apply to small molecules as well.

Minimizing oxidation

Although oxidation is a very common degradation
pathway in pharmaceutical systems, one might expect
that oxidation problems in freeze-dried products
would be easily solved by elimination of oxygen from
the system during processing; that is, because the pro-
duct is dried in a vacuum environment and the vials
either sealed in vacuum or in an atmosphere of an inert
gas (i.e., nitrogen), no oxygen will be present to sup-
port an oxidation reaction. Indeed, storage stability
of human growth hormone is greatly improved in vials
back-filled with nitrogen compared to vials back-filled
with oxygen.[19] However, significant oxidation was
also observed in samples back-filled with nitrogen. In
practice, complete elimination of oxygen from the sol-
ution being processed is unlikely, and some oxygen
may well be trapped in the amorphous solute phase
after freezing and not be completely removed during
drying. Further, due to a variety of causes including
diffusion from the atmosphere over time, oxygen con-
tent in the vial headspace may easily reach levels of
about 1%. Even 1% oxygen in the vial headspace is suf-
ficient, from a stoichiometric viewpoint, to produce
substantial decomposition, particularly with high-
molecular-weight drugs. For example, with a 5-mg
dose of human growth hormone (M ¼ 22.5 kD) in a
5-cc vial, 1% oxygen in the headspace represents a fac-
tor of ten excess of the oxygen required for complete
oxidation of the protein.
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As ground-state molecular oxygen is not parti-
cularly reactive, presence of oxygen is not the only
requirement for a rapid oxidation reaction. Activation
of molecular oxygen to more reactive species requires
light (i.e., photoactivation to singlet oxygen, 1O2), or
presence of a reducing agent and trace levels of tran-
sition metal ions (i.e., iron and/or copper), which can
then convert molecular oxygen into more reactive oxi-
dizing agents such as superoxide radical (O2��),
hydroxyl radical (�OH), or hydrogen peroxide
(H2O2).

[79] Transition metal ions are often present in
excipients, and processing in stainless steel equipment
can lead to significant iron contamination. As the
role of the transition metal ion is catalytic, only trace
levels are required. The reducing agent is consumed
in the conversion of molecular oxygen into reactive
oxygen species, so higher levels of reducing agent are
required for significant degradation of a drug. How-
ever, higher levels could still represent contamination
from impurities in the drug and/or excipients. In the
example of 5mg hGH, a low-molecular-weight reduc-
ing agent (M � 100) present at a level of 0.1%w/w
of the amount of hGH could lead to oxidation of more
than 10% of the protein. The reducing agent could also
originate from a misguided attempt to suppress oxi-
dation by addition of an antioxidant such as ascorbate.
Ascorbate may function as an antioxidant in some
circumstances but will also function as an effective
prooxidant and reduce molecular oxygen to reactive
oxygen species in the presence of transition metal
ions such as iron or copper.[79,80] Finally, peroxides
are common contaminants in polyethylene glycols
and nonionic surfactants and can serve as the oxidant.
Thus, at attempt to stabilize protein conformation
by addition of these materials may well chemically
destabilize if oxidation is a possible degradation
pathway.

A number of amino acid residues are subject to oxi-
dation. Metal-catalyzed oxidation of methionine to
methionine sulfoxide and other products is perhaps
the most common pathway. Oxidation of cysteine to
form either nonnative intra- or intermolecular disulfide
bonds is also common, and histidine residues are also
easily oxidized in metal-catalyzed pathways, with tryp-
tophan and tyrosine being degraded by light-catalyzed
oxidations.[79] Mechanisms are complex, and even
with a given reaction such as methionine oxidation,
the active oxygen species and reaction product(s) varies
with the experimental conditions;[79,80] thus, stabili-
zation is difficult. Certainly, oxygen content in the
solution being processed should be minimized, and
the product should be sealed in the freeze dryer with
either vacuum or nitrogen in the headspace. Due to
the negative impact of even small amounts of
transition metal ions, prooxidants, and peroxides, the
bulk drug substance and excipients need to have rigid

specifications. Formulation pH and the type of buffer
salt may also be important.[80] The optimum con-
ditions vary with the application, and some empirical
screening experiments are necessary to optimize a
given formulation.

Specific chemical components may also be added in
an attempt to retard oxidation. The classical solution,
addition of an antioxidant, must be approached with
caution as the antioxidant may function as a prooxi-
dant in a metal-catalyzed conversion of molecular oxy-
gen into reactive oxygen species. Likewise, addition of
a metal-complexing agent such as EDTA does not
always retard oxidation. In fact, oxidation may be
accelerated by complexing the transition metal.[80]

With most metal-catalyzed oxidations, the oxidation
mechanism is a site-specific one, where the reduced
form of the metal binds to a residue such as histidine
on the protein and converts oxygen to reactive oxygen
species at that site, which in turn oxidizes another resi-
due nearby.[81] In cases where complexation with
EDTA facilitates oxidation, it is assumed that the
EDTA–metal complex binds more strongly to the pro-
tein and is therefore more effective in generation of
reactive oxygen species near a reactive residue.[81]

However, addition of EDTA does retard oxidation
in some cases,[82] and it would seem prudent to screen
several complexing agents for impact on oxidation.
Scavengers for reactive oxygen species, hydroxyl
radical, �OH, and singlet oxygen, 1O2, may also retard
oxidation,[79,83] but the results are highly specific to the
system. For example, for iron-catalyzed oxidation of a
methionine-containing peptide, thiourea was found
effective for both ascorbate and dithiothreitol prooxi-
dant systems but mannitol was effective only for the
dithiothreitol prooxidant system.[83]

Stabilization during freezing

In the context of proteins, stability has two distinct
meanings. The term pharmaceutical stability refers to
the ability of a protein to be processed, distributed, and
used without irreversible change in primary structure,
conformation, or state of aggregation. We refer to
pharmaceutical instability as degradation. However,
the phrase protein stability is also commonly used to
describe the position of the equilibrium between native
and unfolded conformations. If a protein formulation
requires a high level of chemical denaturant, or a high
temperature, to shift the equilibrium between native
and unfolded in favor of the unfolded state, the protein
is said to be stable. This meaning of stability I call
‘‘thermodynamic stability.’’ Thermodynamic insta-
bility involves physical changes, somewhat analogous
to a thermodynamic change of state. Pharmaceutical
instability may be purely a result of a physical change
(i.e., non-covalent aggregation), but may also involve
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changes in primary structure or, in other words, chemi-
cal degradation. Certainly, chemical transformations
such as oxidation and deamidation are degradations
as is aggregation to form insoluble precipitates.

Pharmaceutical stability and thermodynamic stab-
ility are not necessarily directly related. For example,
a protein may exhibit thermodynamic instability dur-
ing freeze-drying and unfold, but if no irreversible
reactions occur during storage or during reconstitu-
tion, the reconstituted protein may refold completely
within seconds and, therefore, display perfect pharma-
ceutical stability. A protein that remains in the native
state and is thermodynamically stable may still degrade
via chemical reactions such as deamidation and oxi-
dation over storage times of years, particularly if the
reactive moiety is located on the protein surface.
Conversely, thermodynamic instability may well be a
prelude to degradation. Certainly, an unfolded protein
could expose normally buried and protected methion-
ine and asparagine residues to the solution environ-
ment and render these residues more reactive. Also,
degradation via irreversible aggregation is believed to
often proceed through unfolded or partially unfolded
conformations as intermediates.[84]

Many proteins survive the freeze-drying process
with little or no degradation, whereas other proteins
exhibit significant degradation and loss of activity dur-
ing processing. Degradation during the freeze-drying
process may arise during freezing and/or during dry-
ing, and it is useful to establish when in the process
degradation occurs. As a measure of the degradation
during freezing, freeze–thaw stability studies are car-
ried out, and to estimate (roughly) the degradation
during drying, stability during freeze-drying is com-
pared to stability during freeze–thaw. The basic
assumption is that degradation during thawing is
comparable to degradation during reconstitution;
therefore, the difference in activity between a freeze-
dried–reconstituted sample and a freeze-thawed sample
is a measure of the loss in activity during drying. This
assumption is likely a reasonable approximation for a fast
thawing process. One observation of particular signifi-
cance is that some excipients stabilize during both freezing
and drying (called lyoprotectants), whereas others stabi-
lize only during freezing (called cryoprotectants).[41,85,86]

If degradation occurs only during freezing and prac-
tical variations in the freezing process do not eliminate
the problem, it is obvious that a cryoprotectant system
is required. However, as a number of distinct stresses
may develop during freezing, the proper choice of
cryoprotectant is not always obvious. Provided some
information regarding the degradation pathway is
available, the stabilization strategy could be quite spe-
cific. For example, if oxidation is suspected to be
a major pathway, the recommendations regarding

minimization of oxidation should be followed. If
aggregation is a major problem, the use of nonionic
surfactants should be considered, or if it is known that
a change in pH caused by buffer crystallization is a
problem, steps to minimize pH change during freezing
need to be taken. Use of an alternative buffer system or
simply use of very low levels of the buffer might well
eliminate the pH change and solve the stability prob-
lem. Alternatively, addition of an excipient (i.e.,
sucrose or trehalose) that will interfere with buffer
crystallization will also prevent excessive pH shift dur-
ing freezing.[41,85,86]

In addition to the specific stabilization strategies
noted, one may also employ a general stabilization
strategy that is based upon addition of components
that normally increase the thermodynamic stability of
the protein. That is, addition of a component that will
increase the free energy of denaturation will moderate
the effect of various freezing stresses that cause a
decrease in the free energy of denaturation, with the
net result that even during freezing, the native confor-
mation will remain the dominant conformation and
degradation will be reduced. The assumption is that
increasing thermodynamic stability will also increase
pharmaceutical stability. A number of solute types
(i.e., amino acids, saccharides, polyols, polyethylene
glycols, and some other classes) have been found effec-
tive both in increasing thermodynamic stability and in
increasing pharmaceutical stability during freez-
ing.[85,86] These solutes are referred to as excluded
solutes because such solutes are present in lower con-
centration near the surface of a protein. The thermo-
dynamic consequence of such exclusion is that the
protein is preferentially hydrated, and the chemical
potential of the protein is increased. It may be argued
that the increase in the chemical potential will be much
greater for the unfolded state than for the native state,
thereby increasing the free energy of denaturation and
stabilizing the native conformation.[85,86] Although the
increase in protein chemical potential due to solute
exclusion does not always correlate quantitatively with
the effectiveness of that solute as a cryoprotectant, it
would be prudent to test several pharmaceutically
acceptable excluded solutes (i.e., glycine, mannitol,
disaccharides, polyethylene glycols) as potential cryo-
protectants in cases where freezing instability might
involve conformational destabilization. Obviously,
polyethylene glycols would not be a good choice if
oxidation were an issue. For cryoprotection, it is the
concentration of the cryoprotectant in solution that
is the key concentration variable, regardless of the
concentration of protein in the formulation. With
non-polymer excluded solutes, relatively high concen-
trations (i.e., 0.2–0.5M) are normally required for
effective cryoprotection.[85]
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Stabilization during drying

In addition to the stresses that develop during freezing,
drying imposes an additional stress associated with
essentially complete removal of water. Indeed, the
water substitute hypothesis[41,85–87] is based upon the
proposition that a significant thermodynamic destabili-
zation occurs when the hydrogen bonding between
protein and water is lost during the last stages of
drying. The use of a water substitute as a lyoprotectant
allows a hydrogen-bonding interaction between pro-
tein and the water substitute, which thermodynami-
cally stabilizes the native conformation and preserves
activity. A water substitute is a moiety that is capable
of hydrogen bonding to the protein surface much as
water and stabilizes via a thermodynamic mechanism;
that is, stabilization is achieved by maintaining the free
energy of unfolding very high such that essentially all
of the protein is maintained in the native confor-
mation. However, it must be recognized that most
observations can also be rationalized in terms of a
purely kinetic stabilization mechanism. In general,
drying is conducted at temperatures sufficiently low
that the protein exists in a glassy solid state where
molecular mobility is greatly restricted. It may be
argued[41] that a good stabilizer is a component that
effectively couples protein dynamics to the dynamics
of the glass such that even if the protein is destabilized
thermodynamically, motion in the protein is too slow
to allow significant unfolding during the drying oper-
ation. Thus, the protein conformation is stabilized
regardless of the free energy of unfolding.

Non-reducing di- and tri-saccharides such as
sucrose, trehalose, or raffinose are normally good dry-
ing stabilizers.[41,85,86] They qualify as good water sub-
stitutes and also form glasses which, via hydrogen
bonding, can couple protein dynamics to matrix
dynamics. Under conditions of acid pH, particularly
below pH 5, trehalose is a much more effective stabili-
zer than are sucrose or raffinose. Sucrose and raffinose
hydrolyze to their reducing sugar components much
more rapidly in the solid state than does trehalose,
thereby leading to degradations initiated by reducing
sugars.[88] The key concentration variable in drying
stabilization is the weight ratio (or mole ratio) of sac-
charide to protein, with the weight ratio of stabilizer
to protein normally being between 1 : 1 and 10 : 1.
The principle here is to insure that the protein is in a
matrix of the stabilizer. Thus, with dilute protein sys-
tems, good stabilization can often be obtained at rather
low concentrations of stabilizer. Here, it may be desir-
able to employ both a bulking agent such as glycine
or mannitol, as well as a stabilizer. This strategy can
yield both an elegant cake structure as well as optimal
stability without the high solute concentrations than
can slow primary drying.

Stabilization during storage

Although the destabilization stresses during storage
remain much the same as the drying stresses, the time
scale of storage is obviously much longer than the
timescale of freeze-drying. In addition, the freeze-dried
product is normally being stored well below its glass
transition temperature, meaning molecular mobility is
greatly restricted.[41,85,86] Because of these differences,
the dominant degradation pathway during storage
may differ from the degradation pathway during
freeze-drying. For example, deamidation of asparagine
residues is a very common degradation pathway dur-
ing storage but rarely is a problem during processing.
This observation does not imply that deamidation is
faster in the dry glassy solid than in solution, but
rather is simply the result of the much longer time scale
of storage. Indeed, because of the need to insure stab-
ility over the shelf life of about 2 years, storage stability
normally presents a more serious problem than does
stability during processing. Degradation during
storage may arise from chemical degradation, such as
oxidation and asparagine deamidation, and/or aggre-
gation to non-covalent or covalent aggregates.[41,85,86]

Aggregation often means formation of a population
of very large insoluble aggregates that precipitate
from solution. It must be admitted, however, that
the observation that the level of aggregation increases
during storage does not necessarily mean that the
bimolecular process of aggregation occurs in the solid
state. It is also possible that only conformational
changes occur during storage. Aggregation of a frac-
tion of the conformationally modified protein could
then occur instantaneously during reconstitution. The
remaining fraction would then refold tothe native
conformation. As aggregation is normally measured
in solution, it is not possible to determine just when
the aggregation step actually does occur. When the
amount of aggregation measured depends on the
reconstitution procedure and/or the composition of
the diluent (i.e., presence of surfactant) used to recon-
stitute,[32] one would conclude that, at least in part,
aggregation of (partially) unfolded protein occurs
during reconstitution.

Stabilization strategies focus on three general
factors: (1) specific chemical requirements; (2) physical
state of the solid; and (3) structure of the protein.
Depending on the degradation pathway(s) and
mechanisms, any one or all of these factors could be
critical. Certainly, if oxidation is a major degradation
pathway, stabilization requires attention to the chemi-
cal composition of the system, including both the
effects of impurities and addition of stabilizers as dis-
cussed earlier. Although pH has no real meaning in
the solid state, the degree of ionization in the solid does
reflect the pH of the solution from which the solid was
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prepared, and pH of the solution can be a major vari-
able. Because differences in polarity of the environ-
ment between a dry solid and an aqueous solution
may mean that the optimum pH for solid stability is
somewhat different than the optimal pH for a solution,
some solid-state screening experiments are necessary to
define the precise optimum pH for stability of the
freeze-dried solid.

The physical state of the system is of obvious impor-
tance. We freeze dry to increase storage stability rela-
tive to the solution state, assuming that the restricted
molecular mobility of the solid state will lead to stabi-
lization. In general, an amorphous solid (i.e., glass) is
several orders of magnitude more stable than the cor-
responding aqueous solution, and at least with small
molecules, crystalline drugs are much more stable than
glasses.[89] However, proteins cannot be crystallized
during freeze-drying, so the only solid-state option is
a glass. Forming a glass does not insure adequate stab-
ility. Pure dried proteins are glasses and often do not
have sufficient stability for long-term storage at the
temperatures of interest, and excipients are added to
the formulation to stabilize. Because a physical mixture
of protein and excipient will not provide additional sta-
bilization, it is necessary that the proposed stabilizer sys-
tem remain at least partially amorphous and in the same
phase as the protein.[41,85,86] Further, to avoid chemical
reactions between the excipient and protein, the excipi-
ent system must be inert. The most common violation
of inertness is the use of reducing sugars such as lactose
in an attempt to stabilize the protein. For example,
while lactose will stabilize hGH against aggregation, an
adduct of lactose and hGH quickly forms during storage
of the freeze-dried solid.[18]

Drying also removes water, a reactant in a hydroly-
sis reaction, and stability is normally best at very low
water content.[41,85,86] However, the effect of residual
moisture on stability is far more complex than its poss-
ible role as a reactant. Residual water has a major
effect on the physical state of the system in that
increasing levels of residual moisture decreases the
glass transition temperature of the amorphous system,
thereby making the system less solid-like at a given
temperature, and eventually causing the glass to trans-
form into a fluid at the storage temperature. Fig. 12
illustrates the effect of residual moisture on the glass
transition temperature of two common stabilizers,
sucrose and trehalose.[90] For both examples, small
amounts of residual water greatly depress the glass
transition temperature, but since dry sucrose has a
much lower glass transition temperature than does
dry trehalose, the water content that gives a glass tran-
sition temperature at room temperature, Wg (25

�C), is
much lower for sucrose. Thus, in applications where
maintaining very low water content is difficult, treha-
lose is a better choice for a stabilizer than is sucrose.

Generally, chemical and physical stability decrease
sharply as the system enters the fluid state.[41,86,91,92]

Chemical degradation of hGH in a trehalose for-
mulation illustrates this behavior.[92] The trehalose
formulation shows a well-defined glass transition tem-
perature with DSC, with the expected decrease in Tg as
the water contentis increased. The rate constant for
chemical degradation is essentially independent of
water content while the system remains glassy, but at
least for the 50�C data, degradation increases sharply
as increasing water content depresses the system glass
transition temperature significantly below the storage
temperature (Fig. 13). Rates of aggregation show
essentially the same behavior.[92] However, as stability
is not sensitive to water content in the glassy state,
stability is not correlated with T�Tg below the glass
transition temperature. The study of formulation
effects on hGH stability suggests the same conclusion.
Chemical and aggregation stability of hGH in several
formulations is compared in Fig. 14.[92] The glycine:
mannitol formulation is a 1 : 1 : 5 weight ratio of
hGH : glycine:mannitol, where only the mannitol is
crystalline. The other formulations are 100% amor-
phous. Hydroxyethyl starch (HES), stachyose, and
trehalose are formulated in a 1 : 1 weight ratio of exci-
pient : hGH, whereas the dextran formulation is 6 : 1
dextran : hGH. While the concept that an excipient sys-
tem must remain at least partially amorphous to
improve protein stability is not in question, it is clear
that remaining amorphous is not a sufficient condition
for stability. Apparent aggregation in the dextran
formulation is greater than in the pure protein.
Hydroxyethyl starch shows a slight improvement in
stability over the pure protein, but is not nearly as
effective as the glycine:mannitol formulation, and
increasing the level of HES to 3 : 1 HES : hGH does
not improve stability.[92] Conversely, both stachyose
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Fig. 12 The effect of residual water on the glass transition
temperatures of sucrose and trehalose. (From Ref.[90].)
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and trehalose provide better stability than the glycine :
mannitol system does, with trehalose superior to
stachyose. All systems are glasses at the storage tem-
perature of 40�C, and for those formulations where
glass transition temperatures are available, it is clear
that storage is well below the Tg, and there is no simple
relationship between Tg and stability. Although one
might speculate that a glass is more solid, and therefore
more stable, the larger the difference between Tg and
the storage temperature, the data are not consistent
with this speculation. Comparing the stachyose and
trehalose formulations, which are both 1 : 1 formula-
tions with hGH, the Tg of the stachyose formulation
is nearly 20�C higher than that of the trehalose for-
mulation, but trehalose offers slightly better stability
than does stachyose. These observations and other
similar results[92] suggest that while it is necessary for
the formulation to have a Tg well above the highest
anticipated storage temperature for both elegance
and stability reasons, stability well below Tg is not

directly related to the precise difference between sto-
rage temperature and Tg.

The lack of a clear correlation between stability and
Tg for systems well below Tg is not entirely unexpected.
Molecular mobility slows greatly below Tg, but does
not approach zero until some temperature much lower
than Tg.

[41,86] Thus, dynamics in the glass depend not
only on the value of Tg but are also extremely sensitive
to other characteristics of the glass as well as the ther-
mal history of the glass.[41,93] Even if the major compo-
nent of the glassy matrix (i.e., the sucrose) were to have
essentially zero mobility (i.e., negligible translational
and rotational motion), mobility of small molecules
(i.e., diffusion of water) could still be significant, and
mobility of potentially reactive groups on the protein
(i.e., asparagine side chain) could be sufficient to
reorient into the transition state and react.[41] Thus, it
is not only necessary that the matrix itself be solid-like,
but effective coupling between matrix mobility and the
mobility critical for degradation is needed for solid-
like stability behavior.[41] Although the molecular
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characteristics required for effective coupling are not
fully understood, it does seem that hydrogen bonding
between protein and stabilizer provides one coupling
mechanism.[41,86] Thus, disaccharides and trisacchar-
ides are effective stabilizers.

With proteins, structure is also a critical stability
variable. It is now common knowledge that proteins
often suffer significant conformational changes on
freeze-drying that may be moderated by addition of
stabilizers to the formulation.[41,85,86] In principle,
different conformations may have different stability
characteristics with the native conformation normally
believed to represent the most stable confor-
mation.[41,85,86] Indeed data for rIL-2 show a strong
correlation between storage stability and structure as
measured by Fourier transform infrared spectroscopy
(FTIR),[21] with a more native conformation associated
with greater storage stability. Likewise, formulations
of freeze-dried hGH having more native-like confor-
mations are more stable to both aggregation and
chemical degradation during storage.[92] Thus, degra-
dation of a protein in any given formulation is a func-
tion of the distribution and reactivites of the protein
substates created during the freeze-drying process,
with greater stability being associated with the more
native-like substates. From this viewpoint, a good
stabilizer is one that maximizes the population of
native-like substates. Empirical evidence suggests that
disaccharides perform this function quite well, regard-
less of what mechanism might be postulated to explain
the observation.[41,85,86]

In summary, guidelines for stabilization during
storage involve the following principles: 1) optimize
pH and address specific chemical effects such as oxi-
dation; 2) disperse the protein in an inert glassy matrix
with strong coupling between protein dynamics and
matrix dynamics to form an amorphous phase such that
at all residual water contents and storage temperatures of
interest the protein phase will be well below its glass-
transition temperature (note that this requires both
protein and stabilizer exist in the same glassy phase); 3)
employ a formulation (and process) such that the dried
protein will retain the native conformation.

Retention of native conformation, coupling of pro-
tein mobility with matrix mobility, and formation of a
single phase with the stabilizer all require an excipient
that interacts, probably via hydrogen bonding, with
the surface of the protein. Little or no interaction
would likely lead to phase separation, poor coupling
of protein mobility with matrix mobility, and no
opportunity for the excipient to stabilize the native
conformation by either water substitution or immobi-
lization of the protein. Disaccharides (i.e., sucrose
and trehalose) and trisaccharides (i.e., raffinose) seem
to satisfy these criteria and are generally good sta-
bilizers. Polymers are generally much less effective.

A product glass-transition temperature well above all
anticipated storage conditions is an important product
quality attribute. Glass transition temperatures of
selected amorphous excipients are given in Table 3.
Both trehalose and raffinose have much higher glass
transition temperatures than does sucrose, and in this
sense, would be better choices for stabilizers. However,
as long as the residual water content is maintained low
and the product is not plasticized by other low-
molecular-weight formulation components, a sucrose
formulation will be well below its glass-transition tem-
perature at all practical storage temperatures. Due to a
very low Tg, sorbitol should not be used as a major
formulation component. Incomplete crystallization of
glycine or mannitol may also lead to low product
glass-transition temperatures. Lactose and maltose
have high glass transition temperatures but are reduc-
ing sugars and, therefore, are poor stabilizer candi-
dates. As noted earlier, applications at low pH pose
problems for both sucrose and raffinose due to rapid
hydrolysis to the reducing sugar components. Treha-
lose is a better choice for low pH applications.

As with drying stabilization, stabilization of a pro-
tein for storage with saccharides generally requires a
weight ratio of stabilizer to protein between 1 : 1 and
10 : 1, with better stabilization at the higher excipient
levels. At least for hGH, the rate constants for degra-
dation (chemical degradation and aggregation)
decrease linearly on a plot of the logarithm of rate con-
stant as a function of stabilizer : hGH weight ratio.[92]

With high dose products where the protein concen-
tration in the fill solution is high, use of high ratios
of stabilizer to protein may not feasible due to the
extremely high concentration of stabilizer that would
be required.

Table 3 Glass transition temperatures, (Tg), of selected
excipients measured by differential scanning calorimetrya

Compound Tg (
�C) References

Citric acid 11 [94]

Glycine (�30)b [66]

Lactose 114 [95]

Maltose 100 [95]

Mannitol 13 [74,96]

Raffinose 114 [95]

Sorbitol �1.6 [96]

Sucrose 75 [95]

Trehalose 118 [95]

Maltodextrin 860 169 [95]

PVP K90 176 [95]
aConsult the references for details of the techniques.
bValue in parentheses is extrapolated from mixtures using the Fox

equation and is highly approximate.
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