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and materials are disinfected in stages or encapsulated in previously sterilized gowns, gloves,
hoods as attempted with personnel for entry. Their level of disinfection and aseptic condition
should be equal or better than the environment in which they are used. From the core to the
supporting rooms there is a cascading air overpressure for facilities engaged in filling nontoxic
(to filling personnel) drug products. In conjunction with the cascading pressure differentials
from room to room, there must be sufficient air changes per room to ensure nonviable and
viable particulates are controlled to specified levels. The air is supplied through HEPA filters
and the air flows, and exchange rates must be justifiable and aligned with regulatory
requirements. Air flows from higher graded or classified areas to lower graded areas, that is,
class 100, class 10,000, class 100,000 depending on requirements (USFDA guidance classifi-
cation cited). Rooms themselves must be composed of smooth, nonshedding materials
impervious to disinfectants or the exposure to ultraviolet radiation that may be used in the
disinfection process.

Using this foot print as a supporting backdrop it is then necessary to superimpose the
process flow dynamics to the facility. Drug substance in and drug product out. Materials and
clean and disinfected equipment in and “dirty” equipment and wastes out. If the
manufacturing process requires support by people necessary personnel must enter and
leave. This is to be accomplished without compromising clean with “dirty” and within the
confines of the physical plant and established room classifications. It represents the challenge
to maintain the aseptic core and core supporting areas as contamination free. This is the
complexity of aseptic processing that gives it the high risk status it is known for.

Sanitization and Disinfection

An integral part of any contamination control program is facility cleaning and disinfection
practices. The program must be sufficiently robust to maintain the environment in a steady
state of microbial control on the basis of criticality of operations and classification designation.
The program must be designed to account for any routine variability to the day-to-day
function and be flexible enough to respond to the nonroutine perturbations that may challenge
the program. Trending and interpretation of both viable and nonviable control data will
provide the evidence to make “mid-course” corrections in a well designed and implemented
program. Fortunately there are guides available and experience to help determine anticipated
frequency and concentrations of cleaning and disinfecting solutions to attain validation goals
and maintain control. Adjustments can be made on the basis of data. Selection of agents should
be made on the basis of usual, “normal,” flora and control of biotypes. Application of
disinfectants is typically done on a manual basis with regiments and schemes available from
industry benchmarks and vendor information.

Much discussion has been devoted to the topic of rotation of disinfectants and the “need”
to control the adaptation of microbes to the mode of action of a disinfectant. It is now generally
understood and agreed that the ability of microbes to adapt to the mode of action of a
disinfectant and gain “resistance” is negligible or nonexistent. However, it is acknowledged
that by not rotating disinfectants there can be a “selection” process for those microbes not
susceptible to the mode of action of the chemical of use. It has been shown and is logical that
naturally resistant microbes can persist and potentially increase in number by not rotating
disinfectants. This has been demonstrated with in vivo data of endospore formers in the
presence of quaternary ammonium compounds versus sporicidal agents to which they are
susceptible.

Environmental Monitoring System

Evaluating the quality of air and surfaces in a clean room environment should start with a
well-defined and written program. PDA TR #13 revised (2001) (12) as a starting point will
provide a variety of information to help develop a program suitable to your facility and
aligned with industry practices. Other reference documents such as [SO 14644, clean rooms,
and associated controlled environments should be considered (13). Methods employed should
be qualified /validated prior to implementation. The number of sampling sites will vary
depending on the design of the area and the clean room technology employed (conventional
filling line, RABS, or isolator). An aseptic core utilizing a conventional filling line would
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present the greatest control risk due to much more operator interaction and intervention. With
employment of more restrictive technologies such as RABS or isolators, human contact would
be reduced or virtually eliminated and hence the number of sampling sites could be reduced
accordingly. The program should address all shifts and include all exposed surfaces of the
room and equipment and include critical surfaces that come in contact with the product,
containers, and stoppers. Sample timing, frequency, and location should be carefully selected
on the basis of their relationship to the operations performed. Recent application of risk-based
approaches to site selection and decision making has gained acceptance.

It is useful to utilize current approaches emphasizing good science and risk-based
approaches to contamination control. Application of Quality Risk Management (QRM)
approaches as delimited in documents such as ICH Q9, and tools that support such approaches
can be utilized effectively for such purposes. Identifying contamination/risk points in your
process stream and applying a QRM mindset will document the thought and support the
process for establishing your program. Emphasis should be placed on contamination caused
by operator interaction/intervention and at intervals in the process where there is the
intersection of inputs and outputs into and from the core area. These transition points are most
vulnerable to contamination introduction. These assessment points will be indicative of your
operation, and there can be variability from line to line or between facilities. Each will exhibit
its own “fingerprint” for usual microbial flora, their numbers, and location of recoveries, and is
influenced by disinfection program, facility layout, work flow, that is, the total control
program. This fingerprint is developed from trended data. Although some variability of such
data is normal the level of control should be sufficiently robust and sufficiently detailed to
recognize trends indicating a perturbation in control and potential risk. Implementation of a
total control program provides sufficient control to maintain operations within guidance or
regulatory levels.

Air Monitoring, Nonviable and Viable

Any comprehensive environmental control program should include both nonviable and viable
monitoring. There has always been some discussion about the potential interrelatedness of the
data generated from each activity; the position microorganisms need carriers such as nonviable
particles for dispersal has won both skeptics and advocates. On that topic the evidence seems
to support the premise that you must have particles for microbial transfer but not all particles
necessarily carry microbes. This premise has also been reflected in the argument supporting
both 0.5 and 5.0 pm particle monitoring. I do not think any one would refute the basic premise
of microbes “piggy backing” on particles but to say HEPA (high efficiency particulate filters)
filtered air is a significant source of microbes is questionable. In any case it is generally
recognized that some level of interrelatedness is apparent and warrants the pursuit of control
with both approaches, nonviable and viable contributing to the total program. A great injustice
would be done by looking at the data so prescriptively that the value of the information is lost
in the argument over the interpretation of the details. Examining the inside out approach to
environmental control described earlier, core to lesser controlled areas, it is evident that
monitoring data generated in areas of lesser control and consequently “closer” to an
uncontrolled state are more difficult to interpret than data generated in more highly controlled
areas, e.g., class 100 compared to class 100,000 since the frequency of testing tails off sharply as
we move out from the class 100 area.

Data Interpretation

Environmental monitoring is for the most part not an exact science but it represents our best
attempt, given the tools currently available to us, to help characterize an environmental control
program. Individual data represents a static point at which the data is collected, a snapshot in
time is the terminology sometimes used. The totality of that data, all the data points collected,
typifies the level of control during the operation on any given day at any given time. No one
data point absolutely defines the conditions or level of control of a fill or of the total program. If
the total control program is designed and implemented appropriately no single data point
would indicate a process breakdown unless there was a catastrophic failure. That scenario
would be the best case situation verifying the program as implemented is working as intended.
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Single events should typify an isolated incidence that could be assessed through investigation
and risk assessment to determine impact. Since the level of control often varies on the basis of
the type of technologies employed and operator interaction with that technology, some
variability in data can be expected. Each data point and the collective array of data should be
evaluated against the data history for the line, area, or process to determine consistency in
control levels. Alert and action levels should be established and a mechanism to identify
deviations and formulate responses should be clearly elaborated. Responses should be science-
based and appropriate to the potential risk presented by the deviation. Responses should be
holistic in approach as well as mitigating the immediate risk posed by any event keeping in
mind the lag time between the event and the results.

Aseptic processing is based on the separation of the filling environment from potential
contamination and any inputs to the process stream including operators. With the technologies
available, and considering the conglomeration of life on this planet, this is essentially done in a
somewhat arduous and cascading manner. The least areas of control are furthest from but
connect to the greatest areas of control. The areas of greatest control are the class 100/class
10,000 core area, using USFDA terminology, which are the cleanest and the most free of
contamination and furthest from the natural uncontrolled world. Through that connection and
by devising increasing levels of environmental control outside to inside, from natural
uncontrolled areas to highly controlled core area, maintenance of a class 100 area can be
accomplished. Much attention is given to the control of that class 100 area and understandably
so, but it is often overlooked or underestimated that inputs in your process stream including
operators must traverse the lesser controlled areas to perform the end functions of filling and
stoppering of the product. What happens upstream will decidedly have an impact on
operations downstream. By sequentially cascading areas, from nature outside the physical
plant to unclassified area inside the plant to various levels of classification, we achieve what is
regarded as a suitable level of control of the area to accomplish aseptic processing. It is not
considered the best of situations by regulators for product manufacture, but when the nature
of the drug product does not permit sterilization by other accepted technologies, aseptic
processing is permitted for manufacture of sterile products.

When something happens that impacts our control it should be detected. If it is not
detected it may indicate we are not “measuring/monitoring” the appropriate indicators of
change for the area. Since major control parameters can be more readily measured, it is usually
the subtle events, those not directly measured or detectable, that impact control. That
underscores the importance of looking for trends. Often our concentrated efforts are at the
immediate point of focus and do not consider the control of areas and operations cascading
from areas of lesser control, and as a result we struggle with appropriate corrective actions.
Having said that, it is not reasonable that we monitor less critically controlled areas with the
same rigor that we monitor class 100 areas but in an effort to get meaningful data from less
controlled areas we must have greater assurance that what we do monitor from those areas
adds value to the program. In many instances decisions of when and where and even possibly
who we monitor in lesser controlled areas are not scientifically sound and not as well
conceived as what we do for class 100 areas. Of course there is more prescriptive guidance on
what to do in the class 100 area and frankly in some instances we have adopted such guidance
to lesser controlled areas without thinking through our actions. Here is where the QRM
process and a risk-based assessment can greatly enhance the value of our monitoring activity
and make our control programs more robust. In numerous instances, using a QRM approach to
improve control in our lesser controlled areas has decreased costs through reduced monitoring
and manpower expenditures and at the same time increased its value because of acquisition of
more meaningful data.

[f data generated has greater capability to indicate perturbations in microbial control we
should be able to respond in a more deliberate and effective manner. To do so this requires a
more in depth review of data and a more frequent review of data. Not only is a response
required at the point of deviation but one should also look at the potential impact upstream
and downstream of that event. This expanded look and response could be proactive as well as
reactive even if further contamination is not detected. We tend to be too focused in our reviews
and responses on specific events and as a result subtle irregularities were not seen until they
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became events and were widespread and problematic. This has been exacerbated due to the
delay in getting data from monitoring to detect them they must grow. Reaction time is the
cornerstone of control.

With our current capabilities even for the most controlled environments it is broadly
recognized that interpretation of data in the vast amount of cases can not be directly
extrapolated to product risk. To deliver value in most instances the entire control picture must
be formatted and analyzed to get an understanding of what if anything is going on
microbiologically, knowledge versus information. This necessitates looking at data in other
ways then the daily format associated with the collection of information. Trends, departure
from routine or expected data, can best be recognized by grouping information into related
categories and looking for changes. Multiple approaches to grouping information can be used
to assist with change identification. Groupings focused by room, by classified area, and by
microbial characteristics are but a few. Microbial characteristics such as Gram reaction, Genus
and species identification where and when appropriate, and numbers isolated in CFUs are
common approaches. The transition between classified areas, airlocks, and pass-throughs are
excellent areas where potential issues can be identified as they are developing. Changes in any
one of these parameters may have significance in the overall microbiological maintenance/
control of the facility. Frequency of review is paramount to identification of trends, events, or
perturbations in the control program. Generally, the more data the better the capability of
analysis but more is only useful unless it is relevant and if it is analyzed. Data collection for
data’s sake is not productive. If you have information then you must do something with it and
that it adds value to the program or it is not worth collecting,. If it does not add value to your
control program then do not pursue it.

Where or when does environmental monitoring not add value? There is a movement of
late to monitor areas remote from the classified areas. The data generated may be taken at
long /infrequent intervals. Such data adds little knowledge to the maintenance of the control
process and is likely to expend significant manpower and cost to generate the data. A well-
devised and implemented facility cleaning and control program as described earlier will
contribute more to maintenance of facility control than environmental monitoring. If microbial
monitoring is to be done in support of unclassified area control, the application of microbial
acceptance criteria to cleaning and sanitization validation would be appropriate. Routine
monitoring at long intervals is not scientifically sound and adds little value. The best approach
is to incorporate a risk-based approach to decision making when devising a total program. Use
of tools like HACCP has been shown to be effective in such applications.

There are multiple regulatory or guidance recommendations for periodicity of data
collection. Recommended frequency of data collection is generally higher in more controlled
areas and less in lesser controlled areas. However, since facility equipment and personnel
control is basically from the outside in, class 100,000 — 10,000 — 100 or gradeD > C > B > A,
whatever scheme you choose to follow, it might be advisable to monitor or review data with
greater frequency in the outer areas to give a more dynamic picture and information that can
be the key to response and subsequent control. What appears outside by design generally
works its way to the inside. Actually frequencies of data collection and review should be
flexible based on the operations they are intended to control and the data recovered for
analysis. To maintain control in a cascading system, it is most effective to put an emphasis on
the upstream process to mitigate issues before they get to your critical areas. This is a position
that is now being stressed in guidance information but is not always heeded by QA /QC units.
Regulatory requirements or guidance recommendations should be regarded as minimums and
adjusted to fit your circumstances and total control program.

How to Handle Excursions

Like any deviation to requirements an investigation into the cause is expected. The extent of
the investigation should be commensurate with the event and its proximity to the core A/B
classified area or potential impact on the process. Investigations should have some consistency
in approach or scope again based on criticality. Identified trends, alert level excursions, and
action level excursions can be treated differently but must be defined by procedure. A rationale
based on science and risk should support the position. Investigation should be systematic in
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approach and of sufficient scope to determine potential impact both upstream and
downstream of the event and between recently manufactured batches. All investigations
having the potential for batch implication should be closed and reviewed by the quality unit
prior to batch release.

Process Simulation—Media Fills

By definition media fills are designed to mimic the manufacturing process. They also represent
an opportunity to collect additional data and knowledge about aseptic control mechanisms in
your process. During media fills we are qualifying operators and stressing our processing
environment by running our processes to their defined limits both upper and lower, both
mechanically and by simulating in a condensed format the extremes of anticipated operating
conditions. By doing added environmental and personnel monitoring during these exercises
we can determine when and where risks are elevated due to the added interactions of
personnel with the equipment. Not only do these activities test the robustness of your aseptic
process, but the information obtained can give additional insight into where and when
microbial risk arises with activities. From such data modification of location or timing of EM
can be enhanced. Recall, however, that media fills are to represent the normal activities during
the process and are not meant to justify practices that pose an unnecessary contamination risk.
During routine aseptic manufacturing conditions you would want to do the minimum amount
of monitoring since the activity in and of itself introduces a level of risk. Media fills give the
latitude to explore that arena and apply leanings.
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4 I Water systems for parenteral facilities

Joseph J. Manfredi

INTRODUCTION
The most challenging pharmaceutical water applications are typically associated with
parenteral products since, by their nature, parenterals are uniquely able to access bodily
fluids and tissues. In this aqueous environment, water is uniquely suited to serve in a
multitude of roles associated with drug development, testing, manufacture, and delivery.
Because of their unparalleled access to critical areas of the body, and compounded by their
irretrievable nature, parenterals must meet extremely stringent requirements both in the United
States and around the globe. Injectables necessitate the use of water that is chemically and
microbiologically pure, to exacting standards, both from a practical perspective and based on
regulatory dictates to avoid patient risk and to ensure product and treatment efficacy. As a
product, excipient, cleaning agent, solvent, etc., water is used in significant quantities and, in
many cases, it is the single largest volumetric commodity associated with any finished product.
This chapter will discuss the uniqueness of parenteral water applications including their
current regulatory requirements. Discussion will focus on injectable risks, compendial limits
for chemical purity, viable and nonviable microbial contamination, and added substances.
Approved water treatment methods vary significantly throughout the world in spite of
harmonization efforts and pose a significant hurdle for global firms wishing to reduce costs,
consolidate manufacture, and standardize operations. As part of the discussion associated
with approved methods of producing parenteral waters, common equipment types, basic
system designs, operational challenges, and delivery/utilization issues will be reviewed. Of
paramount concern is the ability to design, install, operate, and maintain a system that will
consistently produce suitable quality water. Sanitization, testing, and monitoring are a few of
the other key items that will also be addressed.

WATER GRADES

There is a considerable number of water grades used for pharmaceutical applications with
varying regulatory requirements. The most significant of these are tabularized with their
primary criteria in Table 1. These various grades are best characterized by their use, falling
primarily into two groups, within which both bulk and packaged waters are defined. It should
be noted that these two primary groups are identified by their role relative to parenteral
products, such that one is specifically designated for parenteral use while the other is
designated not for parenteral use. Hence, it will be most practical to begin the discussion of
water types and their application by reviewing the two primary types of bulk water, followed
by discussion of each individual packaged grade including the requirements that make each
unique and specialized.

BULK PHARMACEUTICAL WATERS
Bulk waters are those waters produced by pharmaceutical manufacturers for use in or during
production of their products and usually within their facility, while packaged waters are waters
typically produced for incorporation into limited sized containers, most often one liter or less,
and sold as a finished product for use in a multitude of applications ranging from
extemporaneous compounding to laboratory testing. Packaged waters are most often sterilized
to ensure that any residual microbial contamination does not multiply out of control, resulting
in a compromised product or injured patient and owing to a general avoidance of preservatives.
Sterility is not required for bulk water, including Water for Injection (WFI); however,
responsibility is placed on the drug manufacturer to ensure the safety and efficacy of their
products. This reliance is monitored by regulatory bodies tasked with protection of the public
health. The lack of a sterility requirement for bulk water is not based on a lack of concern but
instead on the recognition that WFI in bulk form will often require additional processing, and
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Table 1 Water Grades with Monograph Designation of Applicable Standard (Water for Hemodialysis Has Been Omitted)

Bacteriostatic
Water for Water Highly Water for Sterile water Sterile water Sterile water Purified Sterile Purified
njection Purified® njection® for nhalation” for njection” for rrigation® Water Water
Bacterial endotoxins <025 EU/mL <025 U/mL <05 EU/mL <05 EU/mL <025 EU/mL <025 EU/mL NA NA
<85>
Total organic carbon Meets the Meets 2 2 44 NA NA NA NA Meets the NA
<643> requirements requirements
Water conductivity =~ Meets the Meets the NA Meets the NA Meets the Meets the Meets the
<645> requirements requirements requirements requirements requirements  requirements
Packaging and NA NA Specific Specific Specific Specific NA Specific
storage requirements requirements requirements requirements requirements
per monograph per menograph per monograph per monograph per monograph
Labeling NA NA Specific Specific Specific Specific NA Specific
requirements requirements requirements requirements requirements
per monograph per monograph per monograph per monograph per menograph
Antimicrobial agents NA NA Meets NA NA NA NA NA
<51> & <341> effectiveness
and Content
Particulate matter NA Clear and Meets the NA Meets the NA NA NA
<788> colorless requirements requirements
pH <791> NA NA Specific NA Specific NA NA NA
requirements requirements
per monograph per monograph
Sterility <71 NA NA Meets the Meets the Meets the Meets the NA Meets the
requirements requirements requirements requirements requirements
Other requirements  NA Specific Specific Specific Specific Specific NA Specific
Requirements requirements requirements requirements requirements Requirements
per EP per monograph per monograph per menograph per monograph per menograph
Microbial guidance <10 CFU/ <10 CFU/ Meets the Meets the Meets the Meets the <100 CFU/mL Meets the
<1231> 100 mL 100 mL requirements requirements requirements requirements requirements

AColumn is only applicable to the European Pharmacopoeia 6 3 (USP designations are not applicable)
®Products produced from bulk Water for njection (WF )
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sterility on such a large scale is difficult, if not impossible, to achieve and/or prove. This
situation may be compounded by testing, often in uncontrolled environments. Hence, it is
frequently more practical to control final sterility using one or more alternative methods such
as portion sized terminal sterilization or sterilization via filtration, all of which can be assured
at a higher level of reliability than the bulk counterpart.

Sterilization reliability is primarily based on statistical methods as absolute testing for
sterility is effectively impossible with the technology currently available. As a result, sterility
can be achieved but cannot be practically measured on a direct quantitative basis without
compromising the sterility itself or destruction of the product. This is complicated additionally
by the nature of microorganisms as living entities and their lifecycle tendencies including their
reproductive processes, their resilience, their potentially unique and individual response to
stressed conditions, and their ability to colonize, just to name a few of the traits that improve
their survivability and make sterilization quite challenging.

Discussion of microorganisms and biofilm will occur further on in this chapter to provide
a basic understanding of those challenges associated with biologic control of water used in,
and for, pharmaceutical product manufacture, as well as the testing required to ensure the
suitability of water intended for use in parenteral products. Traditional cultivative pour-plate
methods that are typically employed result in lengthy delays before data is available, causing
slower than optimal reaction to failures or anomalies and implementation of less than efficient
quarantine practices to ensure safety and efficacy prior to product release. System configu-
ration can affect the ability to obtain valid cultivative data compounding an already difficult
situation.

Microbiologists familiar with pharmaceutical water system design, operation, sanitiza-
tion, and, most importantly, the flora likely to exist in a particular system should be consulted
when methods and practices are established for a new system and also throughout the life of
the system, as changes can occur over time and as the system, and its resident biofilm, change.

Ultimately, controlling biofilm formation and growth are the most critical aspects of
water system microbiologic performance, and certain designs are better than others in this
regard. Only through knowledge and understanding can system designers, operators, and
quality personnel assure that a system is suitable and functional for the intended purpose. In
spite of what many may think, water isn’t “just water” as it comes from the faucet, water is a
critical utility without which pharmaceutical manufacturing might quickly grind to a halt,
resulting in significant financial impact. Water may be designated as a critical raw material
essentially manufactured on site and often used without the review and approval of Quality
Control (QC), unlike that required for virtually all other raw materials. It is extremely
important that adequate water is available for manufacturing but it is even more important
that the water is of the required quality.

As mentioned, bulk water is primarily used during product manufacture; however, it is
important not to overlook the fact that both WFI and Purified grades of water are also available
in packaged form for extemporaneous and other uses. As such, there must be recognition and
understanding of the difficulties associated with packaging, storage, and use beyond the
confines of a controlled manufacturing environment.

Using the current US Pharmacopeia Revision 32 as our compendial reference, the two
primary types of bulk pharmaceutical water are designated; Purified Water, USP and Water
for Injection, USP. Each of these water grades is defined monographically and must meet
specifications for quality and purity; however, certain critical aspects are left somewhat to the
discretion of the drug product manufacturer, based on guidance provided in informational
sections of the compendium. Often this guidance, which includes recommended standards, is
enforced by regulatory agencies along with those mandatory specifications listed in the
monographs themselves. Such is the case for microbial action levels (and alert levels although
no numeric value is delineated), included in information section <1231 of the USP, as FDA
enforces these at least as strictly as the actual requirements presented in the monographs.

It is worthy of note that the US Pharmacopeia is prepared and published by an
independent not-for-profit corporation that is not affiliated with the United States government,
yet the resulting specifications, called monographs, are recognized as law, based on action
taken by the US Congress beginning with the Food, Drug & Cosmetic Act of 1938. The US Food
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and Drug Administration (FDA), part of the Department of Health and Human Services, is
tasked with enforcement of these specifications. However, the FDA does not have authority to
make changes to these regulations or to promulgate new ones.

Purified Water, USP is defined within the US Pharmacopeia as “. .. water obtained by a
suitable process.” and “...prepared from water complying with the U.S. Environmental
Protection Agency National Primary Drinking Water Regulations (EPA-NPDWR) or with the
drinking water regulations of the European Union, Japan or with the World Health
Organization’s Guidelines for Drinking Water Quality (1).” This water must contain no
added substances and must meet limits for total organic carbon per USP <643> and
conductivity per USP <645>. As well, Purified Water must be protected from microbial
proliferation and monitored using suitable action and alert levels to ensure control and use of
only suitable quality water. Purified Water is not to be used in preparations intended for
parenteral administration but rather, it is intended for use as an ingredient and in tests and
assays as appropriate. The USP monograph for Puritied Water does not include limits for
endotoxin; however, the European Pharmacopoeia (EP) has recently added a grade of water
designated as “Water, Highly Purified (2)” (Aqua valde purificata) that does include an
endotoxin specification limit; however this new grade is not intended to replace WFI, but
rather to create a grade between Purified and WFI. In addition, a number of companies, based
on their product requirements, have implemented internal specifications that effectively add
endotoxin limits to Purified Water specifications. Some of these Purified Water applications,
such as for ophthalmic solutions (used during surgery for cataract removal or Lasik) and
inhaled products, may require endotoxin control, based on the nature of the use.

WFI, USP is defined within the US Pharmacopeia as “. .. water purified by distillation or
a purification process that is equivalent or superior to distillation in the removal of chemicals
and microorganisms (3).” and, “...prepared from water complying with the U.S. Environ-
mental Protection Agency National Primary Drinking Water Regulations or with the drinking
water regulations of the European Union, Japan or with the World Health Organization’s
Guidelines for Drinking Water Quality (4).” This water can contain no added substances and
must meet limits for total organic carbon per USP <643>, conductivity per USP <645>, and
Bacterial endotoxin per USP <85>. WFI must be protected from microbial proliferation and
monitored using suitable action and alert levels to ensure control and use of only suitable
quality water. WFI is intended for use in the preparation of parenteral solutions. The chemical
purity requirements (both conductivity and total organic carbon) for WFI are the same as those
for Purified Water; however, WFI must meet the added requirement for bacterial endotoxin. In
addition, the recommended microbial action and alert levels for WFI are 1000-fold more
stringent than for Purified Water.

Table 2 summarizes the expectations both monographic (in green) and enforced
guidance (in blue) for the bulk grades of pharmaceutical water per the current USP.

Note: USP <645 for conductivity is a multistage testing methodology that allows for
compliance under three possible scenarios with the most preferred being stage 1; associated
with on-line testing. Off-line testing can also be accomplished using stage 2 and 3 methods;
however there is greater chance for sample error using these options. Off-line tests are
designed to account for the effects of carbon dioxide and its resultant impact on water quality.
Further details can be obtained by referring to the USP or, if appropriate, the applicable
regulatory document from another locale.

Endotoxin is, more specifically, a component of the cell wall of gram negative bacteria
and properly referred to as a lipopolysaccharide (LPS). These compounds are toxic, eliciting a
fever when injected into a patient’s tissue or bloodstream, hence the term pyrogen. Patient
response can range from a rise in body temperature to a state of shock and even death. “The

Table 2 Summary of Requirements for Bulk Pharmaceutical Waters

Conductivity Total organic carbon Endotoxin Microbial (NMT)
Purified Water Per <645> Per <643> (<500 ppb) NA 100 CFU/mL
Water for Injection Per <645 Per <643> (<500 ppb) < 0.25 EU/mL 10 CFU/100 mL
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term “endotoxin” is usually interchangeable with the term “pyrogen,” although not all
pyrogens are endotoxins, and pyrogen testing alone cannot be used entirely for detection and
characterization of microbial endotoxins (5).” Hence, endotoxin must be controlled to the
lowest levels possible or removed entirely from any water used in parenteral preparation to
ensure patient health and safety. There are two primary test methods suitable for detecting
these materials; the USP Pyrogen Test <151>, which is based on a rise in body temperature in
rabbits, and the USP Bacterial Endotoxin Test <85>, also known as the Limulis Amoebocyte
Lysate (LAL) test. LAL options include gel-clotting, turbidimetric, and chromagenic versions all
of which rely on the reactivity of horseshoe crab blood cells. All of these test protocols must be
performed off-line in a laboratory and require considerable time to produce results, making
biologic control in a water system all the more critical.

In summary, Purified Water that complies with the USP can be manufactured using any
suitable process and must meet the summary requirements listed above. On the other hand,
WFI can be produced by distillation or alternatively, in the United States, the producer must be
able to prove, via scientific methods and testing, that an alternate method is equal to, or better
than, distillation when employed in a well designed and operated system. Coupled with the
requirement by the EP to produce WFI only by distillation, these confines have dissuaded most
from the challenge, rendering almost all WFI, produced for use in the United States, distilled,
as well as, all WFI regulated by the EP. Notwithstanding, WFI must meet all of the summary
requirements listed above for chemical and biologic purity as well as the inferred
microbiologic levels enforced by FDA.

PACKAGED PHARMACEUTICAL WATERS

Packaged grades of water, including Bacteriostatic WFI, Sterile Water for Inhalation, Sterile
WEI, Sterile Water for Irrigation, and Sterile Purified Water, are all sterile packaged waters
typically produced from their bulk counterpart with further processing to meet the requisite
monographic requirements and then packaged for subsequent use.

Packaged water can be contained in glass or plastic containers. The container
configuration can be rigid as might be the case for vials, syringes, or bottles, or can be
flexible as in the case of intravenous injection (IV) bags. Packaged water can be configured for
single dose or for multiple dose applications provided suitable preservatives and labeling are
employed. Container size, as mentioned, may be limited as is the case for Bacteriostatic WFI
(30 mL max.) and Sterile WFI (1 L. max.). Other packaged waters such as Sterile Water for
Inhalation, Sterile Water for Irrigation, and Sterile Purified Water may be available in larger
than 1 L containers based on their use (i.e., Sterile Water for Inhalation used for humidification
or Sterile Water for Irrigation used in large volumes during surgery and often designed for
rapid emptying). In spite of its sterile condition, Sterile Purified Water is not suitable for
preparations intended for parenteral administration.

Glass packages are typically more inert and are traditionally considered to be more
pharmaceutically elegant; however it must be understood that only certain grades of glass are
suitable for parenterals. Like water, glass is also often designated on the basis of its relation to
parenterals such that borosilicate glass is typically most preferred and Type Il soda-lime glass
is typically identified with the label NF, meaning “not for parenterals.” Notwithstanding its
benefits and image, glass is often more susceptible to breakage, is usually more costly and
weighs considerably more than its plastic counterpart resulting in added cost for shipping,
handling and losses from breakage. Plastic, on the other hand, although lighter and less
expensive to produce, typically requires higher levels of testing to ensure the product will not
be contaminated by, or absorbed by, the package material. Concerns relative to plastics often
dictate extended testing for leachables and extractables and to verify product integrity.

There are two methods of producing a sterile packaged product. These methods vary
significantly based on their primary techniques. The more highly preferred of the two is
terminal sterilization because the product is first sealed in its container and then the entire unit
(product and container) is sterilized. This is preferred since completion of the sterilization
process produces a higher reliability of final unit integrity. Alternatively, products can be
manufactured aseptically whereby a sterile product (e.g., water) and sterile components (e.g.,
container) are brought together in a controlled environment such as a Class 100 clean space for
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final filling and sealing. Both of these methods are effective when properly implemented
recognizing the product, container, and any other limiting variables that might be applicable;
however, aseptic filling of water products is typically only utilized when terminal sterilization
is impractical.

For terminal sterilization, there are five methods listed in USP section <1211, including
steam sterilization, dry-heat sterilization, gas sterilization, sterilization by ionizing radiation,
and sterilization by filtration. Although this chapter is not intended to address each of these in
detail, the suitability of sterilization method relative to water and its package becomes readily
apparent. Dry heat sterilization that results in vaporization of the water or destruction of the
container would obviously be inappropriate. As well, gas sterilization relies on permeation
through the package with diffusion of the gas into the product. Hence, it is not suitable for all
applications, possibly due to residual sterilant in the product or where the container would not
allow this to occur, such as with glass vials or bottles or with liquid products such as water.

Alternatively, aseptic processing allows the water to be sterilized by a suitable process
(i.e,, filtration) and the container, be it glass or plastic, to also be appropriately sterilized before
entering the classified space (ISO Class 5, EU Grade A, SI (Metric) Grade M3.5, or previously
applicable FS-209E Class 100). The difficulty of aseptic processing remains in the necessity to
design and maintain the conditions adequately to ensure a sterile environment.

It is important to note that absolute sterility cannot be tested without complete
destruction of the product. Hence, statistical methods are required for determination of
sterility and sterilization reliability. The subject of sterility and sterility testing is covered in the
USP in detail as is also the case with other regulatory volumes throughout the world. Sterility
will not be covered in extensive detail in this chapter.

PHARMACEUTICAL WATER SYSTEM DESIGN

Water used for parenterals (WFI) is produced by distillation in most cases, as previously noted.
Whether used in bulk or further processed to create packaged versions, there are basic
requirements for the systems that produce this water to ensure that it is of the proper quality
and that it can be delivered to suitable locations for subsequent processing as part of a finished
product, as a packaged water, for cleaning, for laboratory testing applications, or for other
suitable purpose.

Regulatory requirements demand that water complying with EPA NPDWR standards
serve as feed water for WFI applications. This requirement is typically considered to be a
minimum such that often pharmaceutical manufacturers will include additional treatment
steps or will use even higher quality feed water (including Purified Water) to ensure the
highest chemical, microbial, and mechanical reliability for the systems that produce WFL
Hence, there are a number of system configurations that are able to reliably produce WFI, a
few of which will be discussed in detail, further on in this chapter.

Design of a water treatment system typically requires an analysis of the feed water that
will be employed. Although EPA NPDWR regulations are prescriptive, it is important to
recognize that virtually no two water supplies are identical in the amount and types of
chemical contaminants present. Water supplied from a surface source in the southeast may
have significantly higher levels of organic contaminants and suspended solids than water from
a deep well in the northwest. Alternatively, deep wells may carry higher levels of dissolved
minerals than their shallow or surface counterparts elsewhere. All of these variations still fall
within the acceptable confines of potable water meeting the standards for EPA NPDWR and
are suitable as feed water.

As a result, the task of the water system designer is far more complex than simply
selecting a single treatment regime based solely on flow rate or locale. Analysis of the water
contaminants present in the feed stream will dictate the type of pretreatment required and may
include components such as filters, softeners, reverse osmosis (RO) membranes, and even
chemical injection units for applications ranging from the introduction of sanitants, such as
chlorine, to injection of flocculants to improve the effectiveness of other unit operations in their
contaminant removal.

Each of the pretreatment steps is typically employed to improve the functionality of
subsequent downstream components with distillation typically as the ultimate final unit
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Table 3 Contaminant Tests Commonly Applied to Evaluate Feed Water Supplies

. Dissolved inorganics (cation and anion)
. Resistivity/conductivity

. Total dissolved solids

. Silica and iron (reactive and nonreactive)
Barium

. Strontium

. Hardness

. Alkalinity

. Chiorine and chloramine

10. Total organic carbon

11. PH

12. Temperature

13. Silt density index

14. Particle counts

15. Bacteria level

16. Pyrogens

17. Dissolved gases
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operation. For example, a coarse filter may be included prior to an RO membrane. Although
the RO is capable of removing coarse suspended contaminants, it is far more cost effective to
include a prefilter than to clean or replace the RO membrane on a frequent basis. It is these
issues, relating to reliability and cost effectiveness, that often drives the component and unit
operation selection process in a water system design.

Discussion of the details relating to feed water analysis is beyond the scope of this
volume; however Table 3 provides a list of many of the more common contaminants evaluated
during system design and upon which a treatment regimen is based. Not all of these may exist
in every Feed stock but if present at, or above, certain threshold levels, these constituents can
have a significant impact (usually negative) on the operation of a system inadequately
designed for their removal or mitigation. That impact can range from unsuitable water being
produced to a need for frequent service or cleaning that results in system outage. In either case
product manufacturing can be severely restricted as a result.

On the basis of analysis of the feed water and with consideration given to the experiences
and preferences of those at the manufacturing site, certain initial decisions will set the basis for
the overall system design. For example, if the manufacturing site is located in the United States
but the firm plans to produce products for distribution in the European Union, it is very likely
that a single system, based on distillation, will be selected for both. Also, if the feed water
contains chlorine (or chloramines) the system pretreatment must address its removal using
appropriate methods. Assuming the use of cost prohibitive exotic alloys is inappropriate, most
likely either granular activated carbon (GAC) or chemical reaction, possibly using a variant of
sodium sulfite, will be most suitable. Carbon is excellent for chlorine removal and is also
reliable for removing dissolved organics; however carbon is also notoriously difficult to control
microbiologically because of the large surface area, resident nutrients, and sanitization
difficulty. Alternatively, sodium sulfite can be successfully applied recognizing it is not a
panacea and its use includes both advantages and disadvantages when compared to activated
carbon. Therefore, the designer must evaluate all appropriate options, choosing the most
suitable selection for a specific application. As well, other factors may play a significant role in
the decision. For example, high organic contaminant loading in the feed water might indicate a
preference for the use of GAC versus injection unless other factors are controlling. Hence, the
use of a specific treatment technology may be more or less desirable based on individual
system circumstances rather than being based on an ideal theoretical design model. Above all
it must be remembered that there are almost always multiple approaches that achieve the same
end result. For example, a GAC filter may be used when high organic levels are present;
however, sodium sulfite combined with an organic scavenger resin may prove equally
effective and more desirable under certain circumstances.
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These types of process decisions are present at every step of system design; yet in many
cases a suitable basic composite design can still be considered provided the selection is
supported by technical review and confirmation for applicability. The following sample system
designs are included below to depict common configurations that can be suitable for production
of WFI. These are not meant to be universally applicable models but rather to offer examples of
frequently used frameworks on which many successful designs have been based. The schematics
have been simplified for ease of review and do not contain the level of detail necessary to
configure a system properly. These options provide typical design scenarios ranging from very
basic to relatively complex acknowledging a plethora of options in between and beyond.

Implementation of these designs can be additionally complicated by site requirements
for automation, including data acquisition and trending,. It should not be inferred that simpler
designs are less costly, as again this may be affected by any number of variables associated
with capital acquisition, installation, and system operation. Additional reference material is
available in volumes written by authors such as Meltzer et al. (6), as well as in guides such as
those produced by the International Society for Pharmaceutical Engineering (7) (ISPE).

Additionally, the cost to validate any pharmaceutical water system is significant,
accounting for a large portion of the budget necessary for project completion. Validation,
which more recently has been referred to as commissioning and qualification (C&Q), is the
verification that a system can and does produce water of the proper quality and may include
activities such as design qualification (DQ), installation qualification (IQ), operational
qualification (OQ), and performance qualification (PQ), using tools such as commissioning,
factory acceptance tests (FATs), and site acceptance tests (SATs).

The design depicted in Figure 1 would be best described as one of the more complex
conceptual arrangements, as it provides feed water to the still that will usually meet Purified
Water quality requirements. Hence, there is greater complexity with the inclusion of additional
unit operations prior to distillation. This format uses RO to prepurify the water fed to the still,
reducing the load on the distiller. This design is common when the facility requires both
grades of water, based on feed water characteristics, or when dictated by economic or other
factors. The common result of this design is a more robust pretreatment system with less
challenging demands placed on the still. This robustness is only available based on added cost
associated with the purchase and proper operation of additional equipment, such as the RO.
Considering the high quality of the feed water presented to the still, in most cases, any type of
distiller would function although it would be more likely for traditional distillation technology
(i.e., single effect or multiple effect types) to be implemented based on the possible added cost

. I

I SR S R

RO
EREFILTER
- @ |-
(SEE Fi0. 3) STILL
BEVERSE
QSMOSIS RO
FINAL
EILTER
{.2_MICRON)

Figure 1 Schematic of a typical traditional still application with Purified Water feed.
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associated with a vapor compression still. However, it should be noted that traditional
distillation technology typically requires higher quality feed than vapor compression (VC)
style stills, to ensure reliable operation, on the basis of operating temperature. For the design
shown in Figure 1, the cost of a more complex pretreatment system with its associated higher
operating cost partially offsets the lower purchase and operating costs associated with a
traditional still design.

In summary, a multimedia depth filter removes coarse contaminants (typically an
industrial version of the sand filter used for a backyard swimming pool) and supplies water to
dual series softeners that in turn ensure hardness, which would foul the RO, and ammonia,
which would pass through the RO are eliminated. The duplexing of this unit operation allows
regeneration of one column without the risk of passing such contaminants to the RO. A
common brine system, used for regeneration of the ionic softener resin, alternates between
columns. A cartridge prefilter protects the RO feed pump from resin and fines while a pre-RO
filter protects the membranes and provides additional filtration. The RO feed pump generates
the pressure necessary for RO membrane operation with pressures typically in the range of 200
to 600 psig. Sodium sulfite is injected prior to the RO, to remove residual chlorine from the
municipal source, which was allowed to remain since it assisted with microbial control in the
pre-RO equipment. Most RO membranes are extremely sensitive to miniscule amounts of
chlorine making its removal of significant concern. In addition, although not shown, pH
adjustment may be required, or desirable, prior to an RO to improve overall performance. The
RO produces permeate, or product water, and a reject or waste stream. Permeate is then
treated by a continuous electro-deionization (CEDI) module that further improves the water’s
chemical quality. Since CEDI technology does not purport to control microorganisms, it is
common to place a sterilizing grade filter (0.2 or 0.22 pm) after the CEDI module and prior to
the distillation unit. In addition, although not shown, an optional ultraviolet sanitizer may also
be present prior to the final filter to reduce the number, and likelihood viable organisms will
populate the filter surface and eventually pass through it. Used in combination, UV prior to
filtration typically lengthens the usable bacteria-retentive life of the filter. The final step in
creating WFI using this configuration is a single-effect or a multieffect distillation unit from
which WFI is supplied to a storage tank for distribution throughout the facility (Fig. 3).

The design depicted in Figure 2 is generally regarded as one of the more simple
conceptual arrangements based on the inclusion of limited unit operations prior to distillation.
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Figure 2 Schematic of a typical vapor compression still application with softened water feed.
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The ability to limit pretreatment is driven primarily by the selection of a vapor compression
distiller, which is less likely to become fouled by certain ionic constituents in the feed water
than a traditional distiller, on the basis of operating temperature. However, it should be
recognized that this equipment may be associated with a cost premium possibly based on
purchase price and/or operating cost. Hence, like the previous example, the savings associated
with the purchase and operation of less complex pretreatment may be partially offset against
increased capital and/or operating cost associated with a more complex still design.

These simpler WFI system designs (Fig. 2) include only basic pretreatment, usually
consisting of back-washable media filtration followed by dual series water softeners, similar to
that of the previous example used for pretreatment prior to a traditional distiller. The media
filter, as in the previous example, is used to remove suspended contaminants, common in
potable water, in the size range of 10 um and larger. The subsequent softeners are resin-based
exchange type devices used to remove hardness, including calcium, magnesium, etc., to
minimize the potential for downstream scaling of the still. The softeners in both examples
exchange hardness for sodium ions that are less likely to impact subsequent downstream
components. If hardness were not removed, components such as the RO and still would
experience the residue buildup similar to that occurs on residential plumbing fixtures such as
sinks, tubs, and showers. Again a post-softener cartridge filter is commonly included for
removal of any resin fines that might be generated as the resin degrades and to protect in the
event of a catastrophic resin release resulting from softener failure. Unlike the first example,
RO and CEDI are usually not required to protect a VC distiller; however, this is confirmed
during feed water analysis.

An important situation that cannot be overlooked relates to chlorine and /or chloramines
that are commonly present in the feed water as part of a sanitization regime implemented by a
municipality (or other supplier). Chlorine has been used extensively since the early 1900s;
however, the carcinogenic effects of resulting trihalomethane by-products and other issues
have resulted in increased use of chloramine (primarily chlorine and ammonia) by
municipalities and other organizations for sanitization of potable water. It should be further
noted that chloramines may be more difficult to remove than free chlorine. Chlorine, especially
at the elevated temperatures within a still, will result in corrosive attack of the stainless steel
construction hence it must be removed prior to distillation. Whereas the chlorine in the first
example is addressed by sodium sulfite injection this example includes granular activated
carbon (GAC). However if chloramine is present, it should be noted that ammonia is a by-
product of chloramine removal in a GAC, which is not removed during distillation. Hence
positioning of the GAC upstream of softening eliminates this concern as ammonia will be
removed by softening, although at the expense of dechlorinated water in the softener. Softener
bed capacity must be carefully considered when ammonia removal is important based on ion
removal order relative to hardness and ammonia. The addition of a GAC (regardless of
placement) makes the system slightly more complex and must be considered during capital
and operational cost comparison/evaluation.

Product water from the still is again fed to a distribution storage tank which in turn feeds
distribution sites throughout the manufacturing area(s) where WFI is further processed or
used for formulation, cleaning, etc. This distribution gives rise to additional significant
concerns relating to both chemical and microbial quality maintenance and will be discussed
further below.

The design examples presented above do not include schematics for distribution, as
distribution for either design would probably be very similar for the same application.
Notwithstanding, distribution is a critical part of any bulk system design as it requires its own
specialized features and poses its own challenges to the designer. Not only must it comply
with all the appropriate good practices, but it must be able to blend into the building structure
seamlessly to avoid conflicts with functional utilization including process and occupancy-
related issues. Distribution design often makes it very difficult to interface easily with other
utilities such as heating, ventilation, and air conditioning in a three-dimensional setting such
that the cubic volume of the facility is not unreasonably reduced or compromised. Distribution
must efficiently and effectively deliver suitable quality water at appropriate pressure and
temperature and in volumes commensurate with manufacturing or process requirements.
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Figure 3 Schematic of a typical WFI distribution system.

Distribution must allow for monitoring of the water so that quality attributes can be ensured
and as well practical controls must be available to operations personnel to avoid the use of
water that does not conform to necessary requirements. This necessitates the inclusion of
monitoring devices and instruments suitable for determining the water quality, comparing
those attributes to an accepted value and controlling various features or operations to ensure
unsuitable water quality is not delivered for use in production-related activities. Certain
components must be strategically located for access and for ease of service and calibration
while minimizing downtime that would result in lost productivity. A typical WFI distribution
schematic is shown above in Figure 3. It is important to recognize that typical distribution
systems contain no provisions for correcting WFI deficiencies (retreating the water) hence the
distribution must be configured such that it does not reduce water quality below acceptable
levels either as the result of poor design or because operation and/or maintenance is
inappropriate.

Schematically, certain unique features in a pharmaceutical water system may be readily
apparent. For example, user points are not shown as branches from a main header as is
common in traditional industrial, residential, or commercial piping systems. They are
represented as typically installed in a WFI system where the piping is looped and water
recirculates as close to the actual delivery point as possible with continuously flowing water,
often only fractions of an inch away from the actual point of utilization (see Fig. 3). This
practice reduces the potential for water stagnation but significantly increases both the size and
complexity of most WFI distribution systems based on increased pipe length and often as a
result of increased pipe diameter. Other unique aspects of WEFI distribution include complete
drainablility based on pipe pitch, targeted flow velocities, and specialized materials,
connectors, and finishes as well as design that is suitable for sanitization.

Some of these “best practice” aspects of water system design, including materials and
finish, will be discussed further. Flow velocity will be partially addressed adjunct to the
following biofilm discussion; however, it should be noted that target design velocities range
from above five feet per second (FPS), measured directly as velocity to simple establishment of
turbulent flow based on a calculated Reynolds Number. The use of Reynolds Numbers, a
dimensionless numeric, has recently become popular in spite of the lack of agreement as to
exactly what value represents turbulent flow (figures often used range from 2500 5000).
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Notwithstanding, flow velocities using Reynolds Numbers result in significantly lower system
flow rates than the previously applied velocities ranging from 3 to 5 FPS. For example, a 37 OD
sanitary distribution network designed for 5 FPS velocity results in water flow exceeding 101
GPM. Alternatively, use of a Reynolds Number of 3000 results in water velocity of less than
0.136 FPS and flow of 2.7 GPM; more than a 35-fold variation in design flows.

In spite of these changing trends, designers must consider all facets of good design to
ensure the piping remains flooded, is capable of sanitization and minimizes biofilm formation,
all while not adversely affecting water quality, either chemically or microbiologically, and
while remaining capable of delivering proper water volumes, temperature, and pressures as
required. Good piping practices usually dictate the inclusion of pressure gauges, sample
valves and isolation valves before and after each major system component to enable rapid
diagnosis and remediation of any system anomalies that occur.

Sampling can also have a profound effect on distribution system design based on facility
design and operation as it is commonly accepted that water used in manufacture should be
sampled in the same fashion as it is used. Hence, piping that is direct connected to vessels,
tanks, or equipment poses an additional challenge for sampling that must be overcome.
Sampling for process control will often result in procedures that are different than those used
as part of a quality program related to ensuring products meet requisite standards and
specifications.

Best practices for sanitization design are also the subject of debate; however, it is never
inappropriate to include the flexibility to utilize multiple methods of sanitization in the event
one method fails to deliver acceptable results or alternative methods are required. The primary
methods of water system sanitization include periodic or continuous application of heat using
hot water or steam (most popular for WFI Systems), periodic chemical sanitization (less
favorable), and the use of ozone where the main volume of stored water is continuously
ozonated and the distribution network is periodically ozonated (not currently applied to WFI).
It should be noted that WFI systems designed primarily for heat sanitization can also be
sanitized with chemicals including ozone provided the design is appropriate and proper
controls are implemented to assure no residual that could adversely affect WFI quality remains
after completion. Both chemicals and ozone can also be implemented on an ad-hoc basis in
suitable locations provided the system hardware is capable of contact with these materials.

Heat sanitization is regarded as the most reliable as heat is able to penetrate through even
a substantial biofilm; however, heat is typically unable to remove the dead biomass leaving a
readily colonizable nutrient rich base for future generations of organisms. Hence, the use of
supplemental methods may be required as systems age and biofilm develops and evolves.

Finally, the issue of system drainability is often misunderstood as the reasons for
draining can vary significantly. In some systems, draining occurs on the basis of intermittent
use and the speed, and ease of draining results in lower cost and higher process reliability.
Alternatively, systems that undergo periodic sanitization with chemicals must be drained to
remove residual sanitant with drainability again lowering cost and improving reliability.
However, WFI systems that are steam sanitized require drainability to assure removal of steam
condensate that may be below sanitization temperature. Trapped condensate within the
system may compromise the sanitization effectiveness by creating “cold spots” that are not
fully sanitized and can result in system microbial recontamination or rebound based on system
operational characteristics. For systems that operate continuously heated, the requirement for
drainability is less critical as only during periods of outage for service or maintenance does
drainability become a concern.

As previously indicated, in addition to the primary (pretreatment) and secondary
(distillation) treatment steps to bring the water quality to acceptable levels, other important
functions must be performed, such as maintaining the quality of the water after it is produced
and testing to ensure compliance. These additional requirements increase the complexity of
any bulk system dramatically. Maintaining large volumes of water to precise chemical and
microbiologic standards can be very difficult as contact with air, piping, equipment, etc. will
result in rapid deterioration of the water quality. As a result, specially designed components,
expensive materials, and costly processes are usually required to ensure maintenance of the
water quality.
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For example, WFI is usually maintained at 165°F (equivalent to approximately 74°C) or
even higher to reduce microbial proliferation and to maintain suitable microbiologic control.
This method of bacteria control is costly from both an operating perspective and because it
limits the materials of construction, increasing the system capital cost. Designs usually include
a recirculated loop piping configuration, which helps to maintain temperature, for the purpose
of minimizing bacteria and biofilm-related problems, but with a resulting cost increase
associated with greater energy use, increased piping length and size, and higher installation
costs. These and many other specific design practices associated with WFI systems increase
complexity, cost, and maintenance, and unfortunately, few options are currently available to
the designer to eliminate or even reduce these common “good practice” requirements.

Costs associated with WFI systems are extremely high when compared to comparable
commercial or industrial systems of similar size. This is not the result of a single expensive
component or technology but rather is the result of a multitude of contributing factors that
build incrementally on each other. For example, valves cannot just be stainless steel (SS), nor
can they be simply 31655, they must be 316LS5. In addition, they cannot have just sanitary end
fittings; they must be sanitary throughout often including areas of nonproduct contact.
Furthermore, they must be certified with support documentation that traces each
subcomponent to its original source, including verifications of manufacture, finish, and any
other pertinent details. These requirements are necessary for virtually every component in the
system driving the cost as a result. As well, the installation of WFI systems usually involves a
more highly skilled work force and the use of specialized tools is often mandated to assure the
quality of the completed installation.

In addition, it is commonplace for WFI systems to be constructed of sanitary stainless
steel beginning with portions of the still and including components such as vessels, pumps,
valves, instruments, and all other WIT contact components. Sanitary materials typically
include special ends for joining components that are more hygienic than industrial joining
methods such as threads or flanges. These components are usually polished to finishes of
32 pin. roughness average (Ra) or better with some designers specifying better than 10 pin.
Ra finishes, supplemented by electrochemical polishing to obtain mirrorlike reflective surface
conditions. Sanitary piping is, in actuality, not piping at all but rather sanitary tubing. Piping is
simply the generic reference term used based on common parlance. In simple terms, pipe is
industrial quality cylindrical material used to transport many fluids. It is measured nominally
and designated by its interior diameter such that 1 in. diameter pipe has an inner diameter of
approximately 17. Conversely, based primarily on the precision required for polishing,
sanitary tubing is used for WFI applications and indeed for most sanitary applications.
Sanitary tubing that is designated as 1” in diameter has an actual exterior diameter of 1” as
opposed to the approximate inner diameter used to measure pipe. Sanitary fittings are
typically fabricated from the same precision tubing to ensure exacting alignment during
assembly, which further results in smooth interior surfaces that are cleanable and drainable
with fewer large gaps into which microbial growth can extend.

Stainless steel finishing itself is an extensive subject and is beyond the scope that can be
effectively covered within this chapter. However, it should be noted that most finishes are
mechanically applied, progressively, using increasingly finer abrasives, similar in concept to
that used for wood sanding. Higher quality finishes typically require application of
electrochemical polishing, or electropolishing usually over a high quality mechanical finish.
The reverse of plating, electropolishing, also known as chemical machining, removes surface
material to create an extremely smooth and attractive finish that may be easier to clean based
on the materials in contact with the surface. In addition, electropolishing creates a passive layer
on the surface of the stainless steel, increasing its corrosion resistance. Passivation will be
discussed in more detail below.

Another aspect of WFI system complexity is that of the specialized welding required,
which serves to reduce the number of mechanical joints and as a result reduces maintenance
costs and minimizes sites for possible leaks. Unlike the traditional welding methods with
which most of us are familiar (manual welder wearing a welding mask or shield as protection
from an exposed arc), the process employed for WFI piping is automated and typically
enclosed. The computer controlled welding power source works in conjunction with a
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precision automated welding torch that encloses the area around the weld joint. The
equipment precisely controls all facets of the welding process, including voltage, current,
rotational speed, arc gap, and time, at a level unmatched by a manual operation. When
supplemented by specialized pipe cutting and end preparation tools, proper procedures and
inspection equipment, virtually flawless conditions can be repetitively achieved.

Orbital welding, as this process is known, removes the variability associated with
manual welding but requires skilled labor that is trained in all facets of sanitary installation to
ensure system integrity. The cost of the welding equipment is substantial, far higher than
similar industrial machinery; however, the welding machine is only a portion of the
complement of related tools needed to complete the work. Additional specialized tools are
usually required such as precision cutting and facing machines, gas analyzers, tungsten
grinders, and specialized inspection devices used to view the interior of the tube after it has
been welded. These ancillary components can easily exceed the cost of the welding system by
two to four times.

Inspection devices, also known as borescopes or videoscopes, are similar to the
endoscopes used by medical professionals. A miniature video camera is attached to the end of
a fiber-optic cable that in turn is attached to a video processor with recording capability. The
scope can be inserted into the tube, prior to installation, to confirm the interior finish and can
also be used to view the completed weld for conformance to the specification. These devices
are often in the range of 25 ft in length, based on the length of standard tube sections, and to
negotiate bends (elbows or tees) many scopes are equipped with articulation. Articulated
movement allows the operator to navigate sections of installed tube with minimal potential for
damaging the interior finish.

It is also noteworthy that continuous quality monitoring has become the norm for WFI
production relying heavily on electronic instrumentation and controls that are typically
integrated into the system. These devices, although typically not mandated by regulation,
allow for more consistent and reliable quality tracking and may in the long run be more cost-
effective than other alternatives. Continuous monitoring can be accomplished for a significant
number of attributes including conductivity, TOC, temperature, pressure, flow, and level using
in-line, at-line, or on-line equipment. Other data important for ensuring the proper operation
of individual unit operations may be necessary or desirable. Hence, it is not uncommon to find
pH, chlorine, oxidation reduction potential (ORP), and ultraviolet intensity monitors as part of
the water treatment monitoring regimen, or even to find dissolved ozone monitors as part of a
feed water sanitization program. Unfortunately, instrumentation for continuous microbial
monitoring (enumeration, detection and/or speciation) is not currently available although a
number of rapid microbial detection systems have evolved that can speed the traditional and
laborious work associated with pour plates, incubation, and colony counting. Laser detection
systems, based on light scattering technology, currently in development and testing and may
eventually be capable of performing these functions and may prove to be viable options in the
future. Interestingly, process analytical technology (PAT) was in use for pharmaceutical water
systems long before the FDA's risk-based initiative with PAT was implemented.

MICROBIAL CONSIDERATIONS AND SANITIZATION

It has been said that the chemical purification of water is by far the easier part of producing
WEFI, while the microbial control aspect is far more difficult. The reason for this is primarily
because the technologies used to chemically purify water are well known and understood,
proven through years of application and use, and are mechanically and operationally reliable.
Coupled with limited sources for chemical recontamination that are relatively easy to control,
the chemical purity of water can be readily achieved and maintained. Alternatively, microbial
contamination is mostly unseen, monitored using random grab-samples that are typically not
representative of actual conditions and often misunderstood by engineers responsible for
water system design. Organisms can react to their environments, such that many can survive
in low-nutrient environments and under stressful conditions. Organisms can exist as
planktonic entities floating unprotected in a water stream, and they also have the ability to
attach themselves to surfaces, no matter how smooth, in search of nutrition. Attachment results
in the creation of a biofilm that serves to protect and insulate the organism from sanitants
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while providing a relatively nutrient-rich environment in which reproduction can safely occur
and from which further colonization can originate.

Initially organism attachment to a surface is relatively weak; however, once stationary
(sessile), the microbe quickly begins to produce a sticky polymeric material known as
glycocalyx, which more firmly attaches the organism to the surface and helps it adapt to sessile
existence. This conversion will occur fairly rapidly, primarily dependent on the species present
and the level of nutrients, such that transition can take hours in some cases and days in others.
As reproduction occurs, additional strongly attached cells develop forming a community that
provides further protection and benefits for the occupants as the sticky extracellular glycocalyx
snags floating nutrient particles, other planktonic organisms, and even flocs of biofilm that
may have come loose and become free-floating.

Much like the water itself, biofilm development is seldom similar from site to site. The
biomass that develops is based on the nutrients present and the affinity or adaptability
individual species have for that available nutrient base. Biofilm will be somewhat the product
of local conditions; for example, in stagnant or slow-moving water, biofilm will tend to grow
taller and further into the water stream exposing greater surface area. However, this growth is
far more susceptible to shear forces that might occur during water use, sampling, flushing, or
as the result of other system events such as water hammer. Alternatively, in fast-flowing
turbulent water biofilm will tend to be denser, with less exposed surface that would be
suscepfible to disturbance from the action of the water movement. Biofilm provides a secure
stationary base for organisms and is not directly monitored by traditional sampling. The
results of such water sampling typically only represent a small portion of the actual microbial
content in a system. In other words, traditional sampling is based on “grab” samples of water
rather than sampling of the resident biomass. The reason for this dichotomy may be the result
of misguided thinking or may be reaction to the difficulties associated with more suitable
sampling techniques and test methods. However, regardless of the reason, the fact is that far
more organisms are likely to be resident in biofilm than floating in the water stream. This will
be true of most systems except those that are under continuous sanitization conditions such as
systems that are operated at elevated temperatures (heated) constantly. Various rationales
have been offered for the current testing methodologies, with the only appropriate justification
based on a continuously sanitizing environment, where biofilm would expect to be virtually
nonexistent as a result of the hostile conditions.

In fact, biofilm development in most systems undoubtedly complicates sampling
methods such as might be the case when dense tightly adhered biofilm results in few, if any,
planktonic counts during routine testing, incorrectly interpreted as very low levels of microbial
activity. Other anomalies in the same system may additionally confuse and cloud analysis,
when sudden and unpredictable release of sections or flocs of biofilm into a sample indicate
significant counts far above those seen during routine tests.

Excellent and concise summaries of water system microbiology have been written by
T.C. Soli; as part of Microbiology in Pharmaceutical Manufacturing (8) and for the upcoming
revision to the ISPE Water and Steam Baseline Guide expected to be released in 2010, subject to
FDA review and final approval. These summaries provide nonmicrobiologists with a clearly
written, simple, down-to-earth explanation of microbial concerns relative to water systems
written by an expert with years of practical experience in pharmaceutical manufacturing,
consulting, and as a member and vice chair of the USP Expert Committee on Pharmaceutical
Waters.

As noted, heat is the sanitization method most commonly employed during WFI
production, storage, and distribution for microbial control. Those wishing to either employ RO
or to operate their systems below 65°C must address difficult issues, such as the limited ability
of RO membranes and the most common RO equipment to operate hot continuously. As well
there is a perceived regulatory expectation to dump unused WFI after 24 hours if it is not
heated above 65°C for sanitization.

Other common methods of sanitization that may be appropriate for less critical
applications are usually not deemed acceptable for WFI. However, industry convention and
regulatory interpretation that has banned the use of ozone for sanitization of WFI, even though
it has become common for Purified Water application, is currently being reevaluated, and

Regeneron Exhibit 1016.120



106 VOLUME 2: FACILITY DESIGN, STERILIZATION AND PROCESSING

changes may ultimately result. If this is indeed the case, the cost of producing WFI will most
likely drop, based primarily on energy savings and supported further by “green” initiatives
and “carbon footprint” reduction.

Previous concern relating to ozone use was based on the dictate in the WFI monograph
that precludes added substances. In the past, this had been inappropriately interpreted to
mean that no chemicals or materials could be added to water destined to become WFI. This has
since been clarified so that it is understood that any substance added to the water to facilitate
its treatment must be removed prior to use and that adequate monitoring and documentation
is required for confirmation of its removal. On the basis of ozone monitoring limitations,
controversy still remains regarding whether detection limits for ozone are adequate to ensure
WEFI safety. There has also been previous concern since earlier, now superseded, USP language
existed stating that distillation (or RO if approved) must be the final treatment step to produce
WEFIL Hence, since ozone is a chemical oxidizing agent that would be added to WFI, after
production, for the express purpose of maintaining biologic control; many believe that ozone
addition would not meet the intent of having distillation as the final process step. These issues
are currently the subject of many industry discussion groups as they try to come to grips
with drug manufacturing cost and the FDA’s Pharmaceutical cGMP’s for the 21st Century: A
Risk-Based Approach, and PAT initiatives.

MATERIALS OF CONSTRUCTION

The primary material of construction for the vast majority of WFI systems is stainless steel of
the 300 series, typically 316S5. This austenitic alloy is resistant to rusting and many other forms
of corrosion associated with water applications provided chlorine and chlorides are not
present. Stainless steel is generally considered to be corrosion resistant and easy to fabricate. It
can be polished to present a uniform, smooth, and pleasant-looking reflective surface that is
considered cleanable and hygienic. Stainless steel is relatively inexpensive when compared to
more exotic alloys and is readily available in the 316L alloy configuration most suitable and
accepted. When produced and utilized in this low carbon “L” grade version (316L55), it is
additionally resistant to forms of corrosion that may occur as a result of field construction such
as that which might be required to build or assemble a WFI system within a pharmaceutical
manufacturing facility, making 316LS5 by far the material of choice for WFl-related
applications.

Stainless steel is a unique alloy with iron as the predominant component, yet it is
corrosion and rust resistant based primarily on the alloying constituents added that instill its
special properties. The mechanism that makes stainless steel suitable where other iron-based
alloys would fail is termed passivity. Passivity is a naturally occurring surface oxide resulting
from chromium used as an alloying material. The chrome oxide layer that develops is
extremely thin, typically in the range of 5 to 50 A (1 A equals 1 ten-billionth of a meter) yet,
except for extremely corrosive environments (including chloride attack), this very thin
covering is adequate to protect the material from many common corrodants.

The passive layer that protects stainless from corrosion forms in contact with air and can
easily be disturbed during the manufacturing process (by tools and abrasives), during the
installation process (by welding and handling), and during use (as a result of high-temperature
operation, high flow velocity, and due to the chemically aggressive nature of WFI). Hence, it is
common for materials, equipment, and systems to undergo passivation procedures to expedite
and enhance naturally occurring passivity. These procedures can take any number of forms;
however the goal is to recreate or strengthen the natural passive layer and to reduce the time
required before the material is suitable for use. Passivation or repassivation procedures
typically involve either submerging the parts or, as may be the case for large systems, filling
the components and recirculating the required solutions, both for a suitable time and at a
suitable temperature to achieve the desired result. Procedures usually include a caustic
cleaning step to remove oils or other contaminants, followed by contact with an acidic solution
to remove surface iron. Rinsing with purified water ensures no residual chemicals remain,
which might impact either the stainless or the WFL This procedure allows the passive layer to
form more quickly and to be more robust.
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Finishing or polishing of stainless steel, as discussed in the preceding text, is often a hotly
debated topic relative to pharmaceutical application. Some believe that the smoother surface
results in slower and less tenacious biofilm development; however, this is not supported by
microbiologists who believe that even the smoothest finishes available only minimally delay
biofilm development and have minimal impact on organism attachment. Notwithstanding,
most pharmaceutical and biopharmaceutical equipment receives some degree of polish to
improve the appearance and ostensibly to improve cleanability. It is commonly agreed that
large-scale surface imperfections either in material surfaces or at connection points afford
microbes a safer haven from sanitants and hence should be avoided. The disagreement
typically resides in the definition of “large” such that one school of thought is to avoid crevices
larger than the organism itself, dictating extremely smooth surfaces, while the alternative
posits that attachment will occur regardless of the surface finish inferring that only minimal
surface preparation is needed. Both schools of thought agree that minimizing mechanical joints
is prudent and where necessary the use of sanitary connections is recommended.

TECHNOLOGIES SUITABLE FOR PRODUCTION OF WFI

As mentioned, there are a limited number of production options currently available for WFI.
For example, in certain regions of the world, RO technology is permitted for use in producing
WFI. However, as noted, only the use of distillation is permitted by the EP for WFI production.
Hence, any firm wishing to employ RO to make their WFI will find it either more challenging
or even impossible where regulations insist that alternatives to distillation be proven
technologically for each and every application.

When produced by distillation, there are two primary technologies used for the
manufacture of WFL The first is traditional distillation wherein an evaporator and a condenser
are connected in series to first evaporate the feed water to steam, leaving behind any
contaminants, and then to condense the pure steam that has formed to water of WFI quality.
This simplified explanation is intended to offer the reader only a conceptual understanding of
a far more complex process that requires separation of contaminants from the pure steam and
will include either the use of rising film or falling film evaporation, as well as other
technologies appropriate to the design.

A variation of this design includes the connection of multiple evaporators to increase
efficiency. These additional evaporators or “effects” use the pure steam that is produced to
generate additional capacity, thus reclaiming energy that might otherwise be wasted. Units
ranging from 3 to 6 effects are common based on utility steam pressure/temperature; however
stills with 7 or more effects are possible although often the savings cannot offset the added cost
of the required equipment. It is critical to note that this process, termed “multieffect”
distillation, is not a multidistillation process as the water is evaporated to steam and condensed
only once, no matter how many effects are employed (Fig. 4). Traditional distillation typically
involves no moving parts (with the exception of valves, etc.) and is driven most often by utility
steam although electric and superheated water driven units are possible. Product from this type
of distiller is typically at/or above 185°F and near ambient (or atmospheric) pressure.

Traditional multiple effect distillers typically require greater levels of pretreatment,
owing to the higher operating temperature; however, this higher temperature is an advantage
when it comes to pyrogen destruction.

Alternatively, VC distillation is a technology that includes an electrically driven
compressor within the still to increase the initial pure steam pressure (by 1 3 psig) and
temperature and the resulting higher-energy steam is used to generate additional capacity
(Fig. 5). This still technology is typically configured to produce WFI between 80 and 85°C but
can produce water at lower temperatures more efficiently than traditional distillation with
outlet temperatures for “cold” WFI normally 6 to 15°C above the feed water temperature.
Noncondensable gases are of greater concern for VC stills and as a result most are equipped
with either a feed water deaerator (decarbonator} or a vent condenser. VC distillation,
however, typically requires significant amounts of electricity to power the compressor, which
partially offsets the lower steam consumption common for this type of equipment. As well, the
compressor adds a level of mechanical complexity and is a source of added maintenance
beyond that required for traditional distillation.
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Figure 4 Schematic of traditional distiller (multieffect type).

Figure 5 Schematic of vapor compression distiller.
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For either distiller, design is critical such that steam velocity through the unit cannot
allow entrainment of water droplets that would carry contaminants along with the steam into
the final WFL Therefore, mist eliminators/separators and other options including centrifugal
force are usually employed to ensure final WFI quality and suitability. For both unit designs,
water in the evaporator section requires periodic purging to eliminate the concentration of
contaminants that result from the continuous evaporation. This process is termed “blow-
down,” and is initiated typically by the equipment controls (usually at a fixed rate) based
primarily on the volume of WFI produced, but may also activate during start-up and/or shut-
down of the equipment. Silica scale is of concern for all stills and the rate of blowdown is one
mechanism used for its control. Stills are typically capable of at least a 4 log'® (99.99%)
reduction in endotoxin making it imperative that feed water is of suitable quality so as to not
over tax the unit's capability.

Instrumentation and controls for either design must be adequate and capable of ensuring the
quality of WFI produced. Any control failure could result in contaminated WFI with the
associated rejection of product, production delays, and possible patient injury if undetected.
Overall still quality, including design, materials, finishes, components, and assembly, is imperative
to WFI quality, as is the requirement for reasonable and sufficient distiller maintenance. Monitors
and controls within the WFI distribution are also required to ensure that the WFI quality has not
been compromised and that delivery system integrity is uncompromised.

Alternative technologies can be implemented to produce WFI when not constrained by
regulation or practicality. These options may include RO and ultrafiltration (UF) that are both
based on the use of a barrier to limit the passage of contaminants. RO, which is commonly used
for producing Purified Water, employs a semipermeable membrane capable of passing water
molecules but which does not allow the passage of contaminants that are typically larger in size
(Fig. 6). This pressure driven tangential flow filter works in reverse of normal osmosis, hence the
name. RO equipment produces a continuous waste stream of water, when in operation, that is
typically in the range of 15% to 30% of the influent. This “reject” water continually flushes the
membrane surface removing contaminants that would otherwise clog the membrane. The waste
stream can amount to a significant volume of water, discarded as waste to a local sewer, and
often necessitates creative thinking to develop alternative uses, including cooling tower or boiler
makeup, vessel prerinsing, lawn sprinklers, etc. Product water, also termed permeate, from a
single pass RO is usually unable to meet the conductivity requirements of Purified Water and is
often supplemented by subsequent deionization, possibly in the form of CEDI, to ensure that the
water produced is of adequate chemical quality. Since deionization is considered by most
regulatory agencies as unacceptable for the final treatment of WFI, those considering RO as a
means of production should only consider double pass (2-pass) RO, also known as product-
staged RO, which must be operated meticulously, possibly with optional features, to ensure
chemically suitable effluent quality on a continuous operating basis.

RO membranes are capable of the finest filtration commercially available with removal
rates typically below 1000 molecular weight (Daltons) and often specified with a molecular
weight cutoff (MWCO) of approximately 100, meaning molecules of 100 molecular weight or
greater are rejected at greater than 90%. Recent developments allow for some membranes to be
heat sanitized, providing a significant improvement over previous products that experienced
the drawbacks associated with chemical sanitization. New style membranes, capable of
continuous operation at or near 185°F, are becoming commercially more viable, eliminating the
possible downstream growth that has plagued RO technology for decades because of the
inability of chemicals to sanitize the permeate side of the membrane.

UF is capable of particulate removal typically between 10,000 and 300,000 Da, and is not
nearly as fine as RO membranes. However, UF under certain circumstances may have the
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Reject Figure 8 Schematic of reverse osmosis.
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ability to operate at significantly lower pressures than RO such that UFs can be utilized at
pressures more common to WFI systems and without special high-pressure ratings. Whereas
the majority of RO membranes are sheet material in a spiral wound configuration, UFs can be
constructed in alternate forms, including hollow fiber and in various materials such as porous
solid ceramic, making some more readily sanitizable. Although UF technology may offer
options in the future, these designs are currently the least accepted for manufacture of WFI,
since UF technology is only specifically listed and approved by name for WFI production in
the current Japanese Pharmacopeia (9) and no other compendia.

There are no definitive published statistics regarding WFI production methodologies;
however, it is estimated that more than 98% of the WFI created worldwide is made using
distillation of one type or another, with the remaining, less than 2%, made using alternate
technologies such as RO and UF. In fact, this author was unable to confirm even one system
officially validated for WFI manufacture using UF technology anywhere in the world.

Once produced, WFI must be protected against contamination and maintained at
suitable quality levels to ensure its safety. Accomplishing this task is far harder than often
realized and some system designs have been flawed because inexperienced designers failed to
recognize the rigors associated with WFI storage and distribution. Storing of WFI at/or above
165°F is acknowledged to be the most secure and robust method; however even simple related
tasks such as delivering the water to manufacturing or packaging sites within a facility can
prove extremely challenging. For example, piping that might be used to carry the WFI to its
point of intended use could become problematic based on cooling below sanitization
temperature if use were not continuous. As a result WFI piping is almost always sanitary
stainless steel, recirculated as close to use-points as possible and continuously reheated to
ensure a suitable temperature is maintained. There can be no deadlegs at lab or work benches,
sinks, or equipment that would cool sufficiently to allow microbial growth. Dead-legs, piping
sections that cannot be circulated, of even short lengths often result in contamination that can
disable an entire WFI system. Dead-legs can occur as the result of closed valves, improper
piping techniques, or improperly mounted accessories such as instruments. Dead-legs are a
continuing topic of debate relative to tolerable length. Suffice it to say that dead-legs should be
minimized as opposed to application of a maximum length “rule.” Common industrial or
commercial piping practices cannot be employed in WFI systems as they would undoubtedly
result in long-term system quality issues based on their nonsanitary nature.

WFI piping that operates at an elevated temperature will commonly require insulation to
reduce heat loss, as well as for personnel protection and to reduce operating expense. Suitable
insulation must be chloride free to reduce the risk of corroding the stainless steel piping system
and components. Insulation should be continuous to avoid cold spots that might harbor
bacteria. This situation results in a conundrum since continuous insulation would hamper the
maintenance, service, and calibration efforts that are required to maintain the system in good
operating condition and in a validated state.

WFI distribution systems often must traverse hundreds, if not thousands of feet of
distance within a manufacturing facility to service users in varied locations. This piping often
rises up or drops down through multiple floors within a building. High flow rates,
compounded by the need for recirculation, often result in the requirement for relatively large
diameter piping. This piping within a facility may transit through unconditioned spaces such
as attics or on roofs or through minimally conditioned spaces such as ceilings or warehouses.
These situations compound the difficulty of maintaining a system’s integrity and pose
additional challenges relative to temperature maintenance and as a result may also influence
sanitization efforts and validation.

Stainless steel in the 300 series, although extremely corrosion resistant, is susceptible in
water systems to a phenomenon termed “rouging” where deposits of metal oxides (mostly of
iron-based origin)} form on the surface of the stainless steel materials and eventually migrate
throughout the entire system. This condition is most prevalent in WFI systems at temperatures
in the range of 165 to 185°F (or higher, as in the distiller) and becomes progressively worse as
water purity and/or temperatures increase. This situation has been documented extensively
over the years at virtually all facilities operating within these parameters, although the degree
of rouge that develops is often inconsistent from site to site.
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Three primary types of rouge have been defined and cataloged by Tverberg (10) of which all
are frequently found in pharmaceutical and biopharmaceutical environments. Interestingly, rouge
that develops typically does not affect water quality based on current standards, resulting in many
operators ignoring rouge as they consider it to be irrelevant. However, rouge that continues
unchecked can result in particulate generation, which is certainly unacceptable in WFI. Also, in
extreme cases excessive rouge results in pitting of the base metal that damages the surface finish
reducing the hygienic effect and can, in severe cases, result in leaks around seals and gaskets.

Rouge can be orange-red in color and loosely adhered such that it could be removed by
wiping with a clean soft cloth. This type of rouge may develop quickly in elevated temperature
systems or more slowly in systems operating at lower temperatures. Rouge can also occur in
darker shades (red-brown or bluish), which are usually more tightly attached as the result of
higher temperatures or extended periods. Both of these rouge types are common in WFI
systems and can usually be removed by chemical treatment. Unfortunately, even after
removal, it is common for the condition to recur requiring periodic derouging and
repassivation of most WFI systems that operate at or above sanitization temperatures.
Rouge is often first detected in areas of high velocity such as in pump volutes and spray
devices presumably the result of erosive action and/or microcavitation.

A third type of rouge is more common to systems operating above 212°F with
characteristic dark blue-black color that is so tightly adhered that removal may damage the
base metal making it unsuitable for continued use. This type of rouge is most common in Pure
Steam systems or WFI systems that are regularly/frequently steam sanitized.

Derouging of water systems can be performed using various procedures; however,
passivation chemicals are not typically effective for rouge removal and the effectiveness of a
passivation procedure is often compromised if rouge is present and not removed prior. On the
basis of the variety of rouge types, it is prudent to design equipment and systems with
removable/replaceable coupons (a fitting or small tube section is sufficient) that can be utilized
off-line to test a proposed derouging procedure.

Because of the critical nature of the effluent produced by a WFI system, validation, or
more recently commissioning and qualification, activities are critical to system acceptance. As
well, ongoing acceptance is predicated upon suitable system operation and upkeep.
Effectively, all components must be maintained properly and must operate as intended,
such that the system must produce WFI consistently. Any operational trends that provide
indication that performance is deteriorating must be addressed and control reestablished to
ensure water quality is not out of specification.

SUMMARY

It is surprising to many that water deemed acceptable for human consumption, and termed
potable, requires significant additional treatment to allow its use in drug manufacture. As a
minimum, filtration and softening are commonly employed as pretreatment and when
required, additional unit operations are included as necessary prior to distillation to ensure
water quality and system reliability. In addition, microbial control is required throughout the
entire process impacting the selection of components, their arrangement, and method of
operation. As well, sanitants and sanitization procedures cannot be universally applied on the
basis of compatibility with individual unit operations overall system suitability.

WFI, whether injected into a patient directly or as part of a parenteral preparation, must
meet exacting standards. Chemical and biologic quality must be unquestionable as many
patients that receive treatment are already in a compromised state such that any quality
imperfection might prove to be detrimental.

REFERENCES
1. Purified Water, United States Pharmacopeia 32nd Revision, 2009 edition, Vol 3. Rockville, MD: United
States Pharmacopeial Convention, 2008:3572.
2. Water, Highly Purified, European Pharmacopoeia 6.3. Strasburg, France: Council of Europe,
European Directorate for the Quality of Medicines, 2009:4342.
3. Water for Injection, United States Pharmacopeia 32nd Revision, 2009 edition. Vol 3. Rockville, MD:
United States Pharmacopeial Convention, 2008:3870.

Regeneron Exhibit 1016.126



112 VOLUME 2: FACILITY DESIGN, STERILIZATION AND PROCESSING

4. Water for Injection, United States Pharmacopeia 32nd Revision, 2009 edition. Vol 3. Rockville, MD:
United States Pharmacopeial Convention, 2008:3870.

5. Pyrogens, Still a Danger, U.S. Food and Drug Administration. January 1979. Available at: http://
www.fda.gov/ora/inspect ref/itg/itg32.himl.

6. Meltzer, TH. Pharmaceutical Water Systems. Littleton, CO: Tall Oakes Publishing Co., 1997.

7. Baseline Pharmaceutical Engineering Guides; Water and Steam Systems. Vol 4, 1st ed. Tampa, FL:
International Society for Pharmaceutical Engineering, 2001.

8. Prince R, ed. Microbiology in Pharmaceutical Manufacturing. Vol 1, 2nd ed. Bethesda, MID: DHI
Publishing LLC, 2008, citing Soli TC, Pharmaceutical Water chapter. Bethesda, MD: DHI Publishing
LLC, 2008.

9. Water for Injection, Japanese Pharmacopoeia. 15th ed., Tokyo, Japan: Yakuji Nippo, Ltd., 2006:1235
1236.

10. ASM Handbook, Vol 13C. Malerials Park, OH: ASM International, 2006, citing Tverberg JC, Rouging
of Stainless Steel in High Purity Water. Materials Park, OH: ASM International, 2006:15.

BIBLIOGRAPHY

3 A Sanitary Standards. International Association of Milk, Food and Environmental Sanitarians: US Public
Health Service, The Dairy Industry Committee, 1981.

Allen LV Jr.,, Popovich NG, Ansel HC. Ansel’s Pharmaceutical Dosage Forms and Drug Delivery Systems.
8th ed. Baltimore, MD: Lippincott Williams & Wilkins, 2005.

American Iron and Steel Institute, Finishes for Stainless Steel. Washington, DC: American Iron and Steel
Institute, 1983.

Ammerer N. Pharmaceuticals: disinfection options in pharmaceutical water processes require careful
consideration. Ultrapure Water 2004:12 19.

ASM Handbook, Vol 13C. Materials Park, OH: ASM International, 2006.

Avis KE, Wu VL. Drug Manufacturing Technology Series (Volume 2): Biotechnology and Biopharma
ceutical Manufacturing, Processing, and Preservation. Englewood, CO: THS Health Group, 1996.

Banes PH. Passivation: understanding and performing procedures on austenitic stainless steel systems.
Pharm Eng 1999:44 58.

Bhadeshia HKIDH, Sourmail T. Stainless Steels. University of Cambridge: 2005. 27 June 2006. Available at:
http://www.msm.com.ac.uk/phase trans/2005 /stainless steels/stainless.html.

Cary HB. Modern Welding Technology. Englewood Cliffs, NJ: Prentice Hall Inc., 1979.

Collentro A. Pharmaceuticals chloramines and their impact on pharmaceutical water system design.
Ultrapure Water 2001:29 39.

Connor LP. Welding Handbook: Welding Technology. 8th ed. Miami, FL: American Welding Society,
1987,

Water, Highly Purified, European Pharmacopoeia 6.3. Strasburg, France: Council of Furope, Furopean
Directorate for the Quality of Medicines, 2009:4342.

Gonzalez MM. Biopharmaceutical water systems: materials of construction for biopharmaceutical water
systems, part 2. Am Pharm Rev 2006:68 74.

Gonzales M. Stainless steel tubing in the biotechnology industry. Pharm Eng 2001:48 63.

Grimes TL, Fonner DE, Griffin JC, et al. Electropolish finishing of stainless steel in pharmaceutical
processing equipment. Bull Parenter Drug Assoc 1975; 29(2):64 73.

History of Steel. Know Stainless Steel. 27 June 2006. Available at: hitp://www jindalstainless.com/
stainlesssource /know stainless steel/index.html.

TTusted GR, Rutkowski A, Retzik M. Variation in high purity water bacterial and endotoxin
concentrations in response to spontaneous changes in total in oxidizable carbon content.
PDA ] Pharm Sci Technol 1996; No. 50:16 23.

Immel BK. Part 1T update the FDA changes course. Bio Process Int 2003:22 28.

International Society for Pharmaceutical Engineering Pharmaceutical Engineering Guide for Sterile
Manufacturing Facilities. Vol 3, 1st ed. Tampa, FL: International Society for Pharmaceutical
Engineering, 1999.

Japanese Pharmacopoeia, 15th ed., Tokyo, Japan: Yakuji Nippo, Ltd, 2006.

Jornitz MW, Meltzer TH. Filtration and Purification in the Pharmaceutical Industry. Vol 174, 2nd ed. New
York, NY: Informa Healthcare USA, Inc., 2008.

Loper CR Jr. Keeping stainless steels stainless. Tube and Piping ] 2004:16 18.

McAlister MB, Kulakov LA, Larkin M], et al. Microbials: analysis of bacterial contamination in different
sections of a high purity /water system. Ultrapure Water 2001:18 26.

Mathieson T, Rau J, Frantsen JE, et al. Using exposure tests to examine rouging of stainless steel. Pharm
Eng 2002:90 97.

Regeneron Exhibit 1016.127



WATER SYSTEMS FOR PARENTERAL FACILITIES 113

Meadows C, Fritz |D. Understanding stainless steel heat affected zones. Welding ] 2005:26 30.

Meltzer TH. High Purity Water Preparation for the Semiconductor, Pharmaceutical, and Power
Industries. Littleton, CO: Tall Oakes Publishing Co., 1993.

Meltzer TH. Pharmaceutical Water Systems. Littleton, CO: Tall Oakes Publishing Co., 1997.

Meltzer T, Jornitz MW, Tetzlaff RF. Regulatory Concerns Regarding Filters in Pharmaceutical Water
Systems. PDA ] Pharm Sci Technol 2003; 57:239 244.

Meyer PS. Behavior of Silica in Ion Exchange and Other Systems. International Water., ] Int Water Conf 1
(3):28 39.

O'Brien RL. Welding Handbook: Welding Processes. Vol 2, 8th ed. Miami, FL.: American Welding Society,
1991.

Oates WR. Welding Handbook: Materials and Applications Part 1. Vol 3, 8th ed. Miami, FL: American
Welding Society,, 1996.

Qates WR, Saitta AM. Welding Handbook: Materials and Applications Part 2. Vol 4, 8th ed. Miami, FL:
American Welding Society, 1998.

Parenteral Drug Association, Inc. Technical Report No. 4: Design Concepts for the Validation of a Water
For Injection System. Philadelphia, PA: Parenteral Drug Association, Inc., 1983:1 12.

Pfannenschmidt L, Seeger H. Pharmaceuticals: practical experience gained from designing and building a
purified water treatment plant. Ultrapure Water 2001:17 26.

Prince R, ed. Microbiology in Pharmaceutical Manufacturing. Vol 1, 2nd ed. Bethesda, MD: DHI
Publishing LLC, 2008.

Pyrogens, Still a Danger, U.S. Food and Drug Administration. January 1979. Available at: http://www.
fda.gov/ora/inspect ref/itg/itg32 html.

Raney RK, Avery RE, McGonigle R]. Materials: rouging and service performance of electropolished
316LSS for hygienic services. UltraPure Water 2006:12 18.

Riedewald F. Bacterial adhesion to surfaces: the influence of surface roughness. PDA | Pharm Sci Technol
2006; 60(3).

Rokicki R. Machining: magnetic fields and electropolished metallic implants. MD&DI 2006:116 123.

Stainless Steel: An introduction to a versatile, aesthetically pleasing and ‘full life cycle’ material. The
Stainless Steel Information Center. 20 June 2006. Available at: http:/ /www.ssina.com/overview /
intro.html.

Stainless Steel Overview: History. The Stainless Steel Information Center. 20 June 2006. Available at:
http: // www.ssina.com/overview / history.html.

Tidswell EC. Bacterial adhesion: considerations within a risk based approach to cleaning validation. PDA
] Pharm Sci Technol 2005; 59:10 32.

Tverberg JC, Kerber SJ. Color tinted electropolished surfaces: what do they mean. Interphex Conf Proc
1997:253 266.

Tverberg ]. Ensuring quality in electropolished stainless steel tubing. Tube Pipe | 1998.

United States Pharmacopeia 32nd Revision, 2009 edition. Rockville, MD: United States Pharmacopeial
Convention, 2008.

Valley JA, Rathbun LR. Finishing requirements for stainless steel in parenteral applications. Bull Parenter
Drug Assoc 1977; 31(2):94 102.

Zapffe CA. Stainless Steels. Cleveland, OH: The American Society of Metals, 1949.

Regeneron Exhibit 1016.128



5 | Particulate matter: subvisible

D. Scott Aldrich

OVERVIEW

Definitions

Pharmaceutical Dose Forms

United States Pharmacopeia (1) defines the following parenteral dose forms:

a. [Injection Liquid preparations that are drug substances or solutions thereof,

b. For injection Dry solids that, upon the addition of suitable vehicles, yield solutions
conforming in all respects to the requirements for injections,

¢. Injectable emulsion Liquid preparations of drug substances dissolved or dispersed in
a suitable emulsion medium,

d. Injectable suspension Liquid preparations of solids suspended in a suitable liquid
medium, and

e. Forinjectable suspension  Dry solids that, upon the addition of suitable vehicles, yield
preparations conforming in all respects to the requirements for injecfable suspensions

This chapter will address the presence and nature of subvisible particulate matter in regard to
these dosage forms, and in a general aspect for any medical product.

Particulate Matter

The primary subjects of this chapter are particles and their size. The following discussion
explores the lack of specificity for these subjects; to be comprehensive in our evaluation, we
must not consider only particles that are one entity or characteristic, nor may visibility be
described by a single “line-in-the-sand” size threshold or definition. In practice, the ultimate
definition(s) of particulate matter must be suitably broad to allow us to consider many
different aspects of character and size to make the products we develop most robust. Our
discussion concerns particles and specifically, those we are unable to see. Our ability or
inability to see them is not a simple matter, and dependent on many factors. Overall, our intent
is to find the particle(s), understand them, and change something to alleviate their presence,
inclusion, growth, or change. But first let us discuss the primary topics.

Particulate Matter—What Is It?
Particle: a body having finite mass and internal structure; a minute portion, piece, fragment, or amount;
a tiny or very small bit; a grain, speck

Particulate matter (PM) is a broad term to include many varieties of conditions, sizes, and
associations of particles in the product fluid. In an ideal state, a single particle is a single type
of material, in solid form present in the pharmaceutical product and detected by a human
observer or an electronic counting device. Generally, if detected by human vision, it is visible.
However, certain attributes of the PM may yield “visibility” of material when in a size far
below human resolution. Human detection of PM is probabilistic, not deterministic. PM is not
an intended component of the formulation, such as active ingredient or suspension agents. The
current USP definition (2) is “particulate matter in injections and parenteral infusions consists of
mobile undissolved particles, other than gas bubbles, unintentionally present in the solutions.” The
intent of this definition is interpreted by some as warning to exclude only extraneous matter or
contamination from the final product.

Just what is contamination? Is it the presence of unwanted and foreign material in the
product? Is it a noxious substance that may cause harm, such as microbial colonies, spores,
pyrogens, chemical substances extraneous to the formulation, particles of vermin (flies, insects,
etc.), environmental debris, package fragments? Is it a form or derivation of the active
ingredient or excipient mix that has now appeared? Yes to all. Some are certainly worse than
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others and cannot be tolerated, such as filth (insect parts) and pyrogens. But that should not be
the limit of our concern. Other PM, while not contamination in a filth sense, is deleterious to
the physical integrity of the formulation.

A more comprehensive and quality-relevant definition of PM is to include all forms of
nonformulation substances that may be seen or detected by analytical means, at release and for
the shelf life of the product. Careful and comprehensive investigation of the PM content, type,
and origin is the only means to true high-quality products in this category.

Certainly, PM is an unintended consequence of product manufacture. Only extraneous
forms should be unexpected, that is, PM forms that may arise from within the product are well
understood and excluded. In the worst case, PM appears after batch release and while the
product is being distributed, stored, and used. PM may cause further problems such as
formulation change, appearance, dose performance change, dose delivery effects, and medical
impact on the patient. The pharmaceutical product is expected to be an example of careful
planning and utmost control. Occurrence of PM and even worse, unexpected change in the
nature of the formulation or package because of its presence is a failure. Thus, USP Chapter
<1> Injections definition of foreign and PM uses visible particulates to define all, so as not to
discriminate between types or allow one category over another (3).

Particle Categories

PM implies an ideal; a solid or collection of solids, observed as a single solid. Solid PM or a
collection of solids are certainly the most prevalent nature of PM; however, many other and
alternate conditions (nonideal) may be considered as PM by the observer, and may affect the
quality of the formulation. If we are to comprehensively explore the content of PM in the final
package, we must consider the following as well:

Immiscible liquids

Immiscible semisolids

Microscopic solids, in sufficient number to produce observable light scatter(haze)
Microscopic solids joined by a matrix to form larger entities

Thin solids, even in large sizes, invisible to normal observation (require high-intensity
light and reflectance necessary for visualization)

® Poorly dissolving product, from dry powder or lyophilization reconstitution

® Package-attached material, of any size

* Combinations of any one or more of the above, and with single solids

Particulate Matter Size

Visible: The greatest distance at which a person with normal eyesight can see and identify an object. Or,
the smallest object (characteristic) a person may readily detect with unmagnified 20/20 vision.
Particle size: x:y:z dimensional size in micrometers, Feret's diameter, Martin's diameter, chord, longest
dimension, geomefric volume mean, projected area diameter (equivalent circular diameter), area.

Size is an absolute measure, described in three dimensions. The x, y, and z axes of the
solid entity describe its volume, are the basis of its shape, or habit, and provide a seemingly
boundless number of descriptive terminology. The size of a sphere can be reported
unambiguously by radius or diameter. Cubic or otherwise equant (x ~ y ~ z) particles may
also be well described by edge length or diameter. However, consider other measures, such as
minimum length, maximum length, same sedimentation rate, volumes, areas, weight. Which
categorical measure would we use and report? Just as for determinations of powder character
in regard to fine, coarse, large, and small, the method and analysis one employs affect the
outcome and must be relevant to the industry.

When thinking of PM in terms of a (single) dimension or size, the correlation of x-y-z
dimensionality to a single factor or equivalency can be confusing. For spheres, we can state a
single and relevant dimension, diameter. No matter what orientation, we still observe a size of
diameter. For all other (and more common) particle shapes, which dimension shall we use?
Correlating the subvisible population to a single index or area under the curve from a range of
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Table 1 Sizes of Common Materials

Common material Sizes

Flu virus 0.07 um

Pollen 7 100 um

Diameter of human hair 50 150 um

Sneeze particles 10 300 pm

General size descriptions

Molecular <1 nm

Colloidal 1 nm 0.5 um (protein formulators consider >500 nm to be coarse)

Floc or flocculate Size: sub 10 pm, but more importantly as character: suspended, aggregated
material held together by weak physical forces such as surface tension or
adsorption

Fines up to 10 um

Powder, particles up to 100 um

Coarse up to 500 um

Granular =500 pm

Chunk Millimeters

Mass Really big!

Source: From Ref. 7.

the particle population would be another form of limits test, but has not been generally
accepted (4,5). Particle load in the product and subsequent impact on the patient, especially in
chronic administration of medication, is quite important. Setting the appropriate limits within
constraints of manufacturing and across all product forms is not accomplished by a single
threshold size or load limit (6). The emphasis is one of continual product improvement to
ensure patient safety and robust final packaged product.

Some common particle types and sizes are shown in Table 1.

What truly is subvisible? There are a number of conflicting reports for the lower
threshold of visibility, ranging from ~11 to ~150 pm. Delly (8) reported an absolute minimum
detection of 11 pm on the basis of the minimum arc of view at reasonable near vision, given
the optical lens system of the human eye. Literature often (9,10) defines 30 to 50 pum as the
distinction dimension between the visible size for human visual inspection and truly
subvisible PM size. Review of visual inspection threshold at the 1995 PDA meeting (11)
reported 150 pm as a reasonable, probabilistic threshold of detection (70%) for trained
inspectors in defined commercial release assays for a single particle in a clear liquid
formulation, within a transparent uncolored glass ampoule. On the other end of the size range,
the fundamental range for protein formulations is defined as those particles too large for size-
exclusion chromatography (>0.1 pm), yet below visibility (<100 pm) and for protein active
ingredient, the 0.1 to 10 pm size range is quite important for monitoring formulation stability
(12). The size domain below 10 pm is not addressed by the current compendia.

You see from these examples disagreement from established and reliable scientists
determining visibility dimension in a variety of applications. I believe they are all correct, in
the given application and at the point in time of measurement. I will not set a specific, hard
threshold for the subvisible zone because of a number of factors. One must consider and accept
the concept that the visible dimension and subvisible dimensions meet in a gray zone of
detection, one of probability not certainty. We can agree that a 10 um particle would be very
difficult to observe visually, whereas, a 300 um particle should be seen quite readily under
reasonable inspection conditions.

Certainly, the training of the observer, the method of detection, and the attributes of the
PM affect visibility. Consider the properties of PM in Table 2 that may enhance or diminish
detection. Greater visibility of PM in the fill solution is given by increased size, distinctive
color, extremes of buoyancy, and high reflectivity. These properties also enhance the visibility
of small particles that would otherwise go unnoticed. Further, the significance of the PM in the
pharmaceutical product has not so much to do with its size and hence visibility, but its effect or
potential effect on the quality and integrity of the medicinal agent. Pharmaceutical aerosols are
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Table 2 Properties of Particulate Matter

Detection probability

Property Enhanced Diminished
Size =100 um <100 pm
Spatiality In foreground In background
Color Bold Weak, pastel
Contrast with matrix High Low
Reflectivity High Low, none
Buoyancy Neutral Extremes

preferentially 2 to 5 pm (13). Pharmaceutical suspensions are formulated in near micrometer to
~30 pm crystals, depende