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in this field. During his industrial career, he conducted solid-state investigations on
pharmaceutical drug substances and intermediates. He is author or co-author of
more than 15 patent applications in the field of salts, cocrystals, and polymorphs,
and some of the drugs are globally marketed.

Polymorphism presents opportunities as well as challenges. Investigation of the
properties of different forms of a commercial drug can lead to new products with
improved onset time, greater bioavailability, sustained release properties, or other
therapeutic enhancements. New forms can bring improvements in manufacturing
costs or API purity.

The potential for solid form variation does not end at API production. Solid form
issues remain through formulation, manufacture, storage, and use of drug product.
It is common to observe form transformation during standard manufacturing oper-
ations like wet granulation and milling. Excipient interactions and compaction can
induce form changes. Changes can occur in the final dosage form over time.

Whenever there is a specification failure in drug product or drug substance,
solid form changes should be considered in the search for causes. Particularly,
symptomatic is failure to meet melting point or dissolution specifications. Changes
in humidity, crystallization conditions, or crystallization solvent can produce
unwanted forms.

Due to the importance of solid-phase characteristics in pharmaceutical industry,
several brilliant review articles and books have been published.

The current volume entitled Solid-State Development and Processing of Pharma-
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is focused on specific aspects of salts, cocrystals, and polymorphism in drug develop-
ment. The book compiles general concepts and their latest applications along with
well-selected case studies considering experiences and publications from the last 10
to 12 years. It considers new developments in science and knowledge that has been
contributed by academic and industrial researchers during the last decade.

This book clearly goes beyond the classical description of solid-state properties. It
encourages out-of-the-box thinking and allows a look beyond the science. In defin-
ing the scope of the book, one intention was to allow the identification of beneficial
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Preface

“[...] Cuius rei demonstrationem mirabilem sane detexi. Hanc marginis exiguitas
non caperet.” Pierre de Fermat wrote a note that states that no three positive integers
a, b, and c satisfy the equation a” + b" = ¢" for any integer value of n greater than
2 in a copy of his book of the Arithmetica of Diophantos of Alexandria. The quote
translates to “I have discovered a truly remarkable proof of this theorem which this
margin is too small to contain.”

The present edition of “Solid-State Development and Processing of Pharmaceuti-
cal molecules” may be considered as a margin that is likewise too small to cover all
aspects of relevance and interest in this vast field addressed in the title. However,
it is an attempt to collect and consider at least some aspects which are important
from an industrial perspective on developing and processing crystalline forms in the
pharmaceutical value chain.

Being a topic of some interest already since many years, solid-state investigation
of crystalline pharmaceuticals gained more and more attention and commercial
relevance in the last 20-25 years. Nevertheless, approaches to cover the challenges
and obstacles coming along with the peculiarities of crystalline pharmaceutical
molecules and their development and processing are manifold. Although sophisti-
cated analytical devices are available on the market to investigate solid forms, not
every project can be supported by all technical and personal intelligence. There
are limitations framed by limited resources of financial funding and manpower.
Eventually, no excuses count when safety and efficacy of medicines are of concern.
However, if not all, but many routes lead to Rome.

Some of the routes are presented in this edition. Readers are called to wisely select
the right means and measures for their particular projects. Besides the essential and
unavoidable basics to reach the goal, there are add-ons and nice-to-haves that may
shorten the route to process understanding and market entrance.

Starting with important general considerations in Chapter 1, the subsequent
chapters lighten the road along solid-state development and processing. Chapter 2
describes entry points into a solid-state-related project. Investigation of the poly-
morphic landscape is exemplified in Chapter 3 and complemented by Chapter 4
which is divided into 10 subchapters describing various solid-state characterization
techniques. Treatment of solid pharmaceutical drug substances upon scale-up is
covered in Chapter 5, while Chapter 6 considers the challenges for Drug Product
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development and manufacturing. From my perspective often neglected but essential
support processes addressing simplification of daily routines, best practices and
documentation are described in Chapters 7 and 8. Chapter 9 covers ensuring the
return of investment by the protection of intellectual property, while Chapter 10
addresses the regulatory aspects of relevance. Last but not least, the perspective of
extension of the value chain of pharmaceutical molecules is given in Chapter 11.

Clearly, without all the authors who accepted to contribute, this edition would
never have been possible. Thank you a lot. You made this book to a valuable collec-
tion of practical knowledge and expertise. It was my pleasure and honor to cooperate
with you. Sincere thanks to Wiley-VCH, namely Dr. Frank Weinreich, Stefanie Volk,
and N. Kiruthigadevi for answering my questions and acting behind the scenes to
drive this publication, as well as Felix Bloeck who worked with the graphic designers
on the book cover. Finally, I would especially like to thank Dr. Helmut Buschmann
for his everlasting supportive initiative to motivate and develop people.

Aachen Michael Gruss
July 2021
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Aspects for Developing and Processing Solid Forms
Michael Gruss

Dr. Michael Gruf3 - Solid State Concepts, Hermannstr. 8, 5062 Aachen, Germany

1.1 Aspects for Developing and Processing Solid Forms

1.1.1 Introduction

Due to progressing through time and space, we constantly learn and forget. We lose
things out of sight and focus on the ones that are of most importance and interest.
Consequently, we cannot keep pace on every single field of technology and science.
Career pathways are manifold. It is fairly natural that people in management posi-
tions who take over the responsibility to direct companies, departments, or groups
cannot be experts in all the domains falling under their responsibility. Therefore,
they have to educate themselves and rely on their staff, employees, team members,
suppliers, contract organizations and consultants, and the assessments delivered.
Decisions are made on such a base. Those decisions determine the commercial fate
of the business, which in turn determines the well-being of those who gave input
into the decisions. A circle of life? Will just the fittest survive?

1.1.2 Education and Personal Background

Some lack of knowledge and understanding of impact and relations may occur espe-
cially in fields that are typically not in the focus of a general chemical, medicinal, or
pharmaceutical curriculum. Organic compounds constitute the majority of active
pharmaceutical ingredients (API) very often in the form of crystalline solids. Never-
theless, solid-state-related topics for organic compounds are treated in introductory
organic synthetic textbooks, like the Organikum [1], just on a few pages that do not
go much into the details. Crystallization (including selection of the solvent, recrys-
tallization, and crystallization from the melt) is explained in two pages, and structure
analysis by means of X-ray is mentioned in another page.

Besides, still a predominant perception of solid-state characterization techniques,
in particular X-ray powder diffraction (XRPD), is that the investigations are
expensive. Admittedly, XRPD is not as widely distributed and readily accessible as
spectroscopic and chromatographic techniques. Consequently, solid compounds

Solid State Development and Processing of Pharmaceutical Molecules: Salts, Cocrystals, and Polymorphism,
First Edition. Edited by Michael Gruss.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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and dosage forms are primarily characterized by the analytical techniques that are
easily available. It is perfect to assess purity profiles and determine the solubility
and dissolution profiles. Unfortunately, it is not sufficient to analyze the liquid
state because that does not reveal much about the properties of the material in the
solid state. Additional processing knowledge is also needed to design and modify
solid-state properties.

Our current position, our educational background, as well as the social and tech-
nical environment that surrounds us determine the perception of threads and oppor-
tunities.

As long as during chemical development or production, solid-state-caused obsta-
cles can be overcome by some, maybe magic and not really understood, measures
that everything is fine or, more precisely, appears to be fine, at least for the moment.
No further resources, time, and money are invested to understand the cause-effect
relations. How long will this satisfaction for saving money last? Who is eventually
paying the bill for lack of thoroughly understanding the processes and interdepen-
dencies? The advice is to implement solid-state experts into CMC or other devel-
opment and processing teams. Taking the advantage and benefit from the different
perspective, they can add to discussions and innovations.

In the past 20-30 years, solid-state development became more and more important
in the pharmaceutical industry. Many treatises in print and online cover a broad vari-
ety of aspects that can be subsumed under the roof of solid-state development. This
concerns not just molecules that are API but also many other compounds classified
as fine chemicals, agrochemicals, explosives, or those having a relevance for nutri-
tion products. The eye-catching word is mainly “polymorphism” that, along with
similar terms like “polymorph” and “pseudo-polymorph” or terms often discussed in
the context like “hydrate”, “solvate”, “salt”, “cocrystal”, “co-crystal”, or “amorphous”,
was and still is worthwhile to cause attention.

The attention culminated to a hype that has today become a scientific and com-
mercial important field of sound investigation to ensure proper development and
subsequent successful marketability of products in general. However, in the world
of pharmaceuticals, the interest is beyond commercial aspects related to ensuring
safety and efficacy of the products dedicated to reduce suffering from diseases or
curing patients.

Consequently, many stakeholders are involved in solid-state research, develop-
ment, manufacturing, and commercialization. But it is also the other way round.
Chemists and pharmacists who are active in the field of development and process-
ing of solid compounds have lots of interfaces to other departments from which they
get or to whom they deliver information and materials as exemplified for a crystal-
lization laboratory in Figure 1.1.

Obviously, every single discipline can consider itself as the most important
and thus justifies its position in the center of this representative arrangement.
Actually, the center of Figure 1.1 only represents the point of view and maybe the
self-conception. Solid-state development, particularly for pharmaceutical applica-
tions, is a complex and ever-changing setup involving and needing lots of disciplines
for successfully mastering the development and manufacturing workflows.
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Figure 1.1 The crystallization laboratory - integrated in pharmaceutical development and
manufacturing.

Looking behind the scenes, stepping somewhat back from the science but without
neglecting the importance of a sound understanding of the basics and the imple-
mentation of solid-state-related processes is the intention of the following chapters
constituting this edition. Every chapter was contributed by someone who is an expert
in his or her particular field, someone who illuminates the aspects of his or her
domain with the awareness of being a part of the whole. While reading the chapters,
consider its topic as standing in the center of the arrangement (Figure 1.1). Develop-
ment and processing of solid compounds and forms is apparently enlightened from
different perspectives. Therefore, some aspects are covered not just by one author.
When there is light, then there is shadow. Not every aspect can be treated, especially
because the chapters were intentionally written from a subjective standpoint and
perspective. Personal preferences, experiences, and peculiarities directed the con-
tent. Other perspectives and considerations may well exist.

Solid-state development and processing is nothing that can be handled as an iso-
lated aspect of pharmaceutical R&D or manufacturing, although a lack of general
understanding of the foundations, disregarding the essential impact the solid state
has on process and eventually product quality, is surprisingly still around in the
industries.

This is understandable from one perspective. Dedicated experts are typically
required to address the many topics showing up in the course of pharmaceutical
research and particular pharmaceutical development and manufacturing. All of
them are well trained and have skills in their particular sciences or businesses.

3
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Education at university is focusing on the formation of domain experts. As a
drawback, less time is typically available to look to the left and to the right, forward
and beyond of the own field of expertise.

As a consequence, all those experts eventually involved in versatile R&D and man-
ufacturing teams have the duty to ensure that their colleagues (or “interfaces”) also
get an understanding of the impact of their particular field of expertise for the whole
process and vice versa. All participants in R&D and manufacturing processes have
the obligation to accentuate the need and significance of the topics addressed by
themselves and their laboratories or departments. There is a necessity for people
having the capability to act as coaches, teachers, and trainers; devoted to their field
of expertise but not trapped therein; on the contrary, open minded and willing to
share knowledge. People dedicated to draft, construct, and maintain their part of
the development and production, as well as of business processes.

Getting the knowledge out of the heads. What is important to share? What
should others know about your business? Besides sciences, what is also important
to communicate to make industrial and commercially oriented environments
work?

The intention is to cover the most essential topics in industrial, mainly pharma-
ceutical, environments that are related to the manifold of properties and character-
istics solid compounds have.

1.1.3 Societal Impact - Fishing in Foreign Waters

The societal impact or the impact of society - human being are creating the society
they live in and individuals are formed by the society they live in. Dealing with soci-
etal, economical, and historical impact on science and business is typically not a field
harvested by a solid-state expert. Other businesses and sciences treating sociological
relations, management, or national economy usually consider topics like this. Pro-
fessionals in these fields have experiences, tools, and know the sources for research
and how to investigate developments and interrelations. Therefore, the following is
layman’s reflection on societal aspects.

1.1.3.1 Motivation

Why trying to cover this topic? First, because it is interesting. Second, it has some
relevance to start with this consideration now. As long as individuals are present
who eyewitnessed or even designed the initial pharmaceutical solid-state develop-
ment, or worked on the implementation of the current status, it is possible to get
insights not just based on figures and statistics. They can talk and report about moti-
vations, desires, challenges, dead ends, hopes, and obstacles. The dimension of per-
sonal experiences and observations is important and worth to be told.

A comparison might help. It is a bit as if a chemist, well educated and trained in
organic chemistry, attempts to cover topics related to solid-state aspects, like design-
ing a crystallization process or investigating a solid-state landscape. Why are not the
experts doing the job? Answers are manifold: “Not a big task, let’s just have a look”,
or there is no solid-state expert around, or the expert is packed with other projects, or
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nobody is aware that a solid-state expert would probably have a different perspective
and appropriate education, better tools, and experiences to do the job.

Usually the attempt to “just let’s do it” fails. It might lead to some results. Maybe
that these results are good enough to decide that, probably at a first glance, no further
investigation is necessary or meaningful. Time will show whether the project dies or
whether it is interesting enough to follow up.

“Just let’s do it” reflects the approach in this part of the section to consider mutual
interaction between people or society and pharmaceutical solid-state chemistry.
Unfortunately, these economical and societal aspects of pharmaceutical solid-state
development and about the historical development-related interactions between
society and science are not yet covered accordingly. There is a hope that in future
someone will do so properly.

While reflecting this challenge with others, the response was like “who could be
interested and would spent time on reading?” Maybe nobody is interested. However,
there are always people acting for some years in their field of expertise and have
observed and contributed to changes. Certainly, these individuals are curious to read
a summary and a reflection about the topic and fields of expertise they spent years
of their lives on.

The likelihood for realizing such a project is naturally larger for widespread gen-
eral topics like computer technology or popular sciences like flights to the moon,
exemplified by [2-6].

The hope is that someone picks up the idea and starts with economical, societal,
and historical research on this small but important niche in pharmaceutical science
with more adequate means, knowledge, and resources than attempted here.

1.1.3.2 The Personal Dimension

Any action consequently leads to a reaction. Probably, every student of natural sci-
ence has heard in the first physics lectures about Isaac Newton who formulated this
as his third law of motion “Law III: To every action there is always opposed an equal
reaction: or the mutual actions of two bodies upon each other are always equal, and
directed to contrary parts” [7].

This consideration is not limited to physical bodies moving in the three-
dimensional physical world. There is also always an impact in a nonmaterial sense,
an impact on ideas, thoughts, and desires. This impact is the essence of advance-
ment in general and technological progress in particular. Realization of progress
is only possible because the fourth dimension, time, is also affected. Progress is
not possible without a change of states in time. The qualitative and quantitative
identification of change is only possible if a prior state is compared to a later state
of a system or society.

Being asked by one of the series editors if I am interested to edit a book on phar-
maceutical solid-state development, it took me a while to make my decision. I won-
dered, what can I, what can we as authors, contribute to the society of solid-state
experts or community of people who strive to learn about solid-state development
and processing that has not yet been reported before? Moreover, it was not just me
among the authors who has asked himself this question.

5
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Before I decided to dive into this project, my understanding was that everything
of importance for investigating the solid state was already told. In this very moment,
while typing these lines and editing the contributions of the other authors, I am
convinced that this is certainly not the case.

For sure, progress is always made and there will always be new developments and
new inventions and discoveries, as in all sciences. In addition, there will be old,
sometimes forgotten, stories told in a new fashion. Actually, this is not what I had
in mind.

What in particular is untold is our subjective perception and perspective. Hav-
ing the opportunity to write from and about someone’s subjective position in this
area is an argument that is convincing to start editing and writing. The burden and
chance to communicate our very personal view on the “Solid-State development
and processing of pharmaceutical molecules” is appreciated. We have the chance
to communicate about those aspects and topics we personally consider of being of
interest and value for the community. We have the chance, and responsibility, to
make a personal selection of scientific themes, topics, references, and examples that
are worthwhile to address in the context of industrial tasks. We have the chance
to act, to influence, and impact. This will for sure lead to reactions: affirmative or
contrary. Regardless of its nature, every reaction will itself be of further impact on
personal thinking and therefore on thinking of the community.

This is already a societal impact of solid-state development. People, certainly not
for the first time, agreed to spend a significant part of their time to restitute partly
to the society what they received from others. There were many who taught and
trained them to acquire and prosper particularly specialized and sometimes singu-
lar and rare skills. The motivation that drives each individually can be manifold. It
might be the chance to spread the personal view, it might be the chance to sum-
marize and share a particular sequence of business life, it might also be to face a
particular personal challenge, and it might well be the option to publish and to pro-
mote personal career. It might be something else or a mixture of the preceding. These
willing authors differentiated themselves from those who objected to contribute.
Some of those who rejected concluded a personal calculation that taking the time
to contribute is not what they like to do or that it would not pay off for them or their
business. Some questioned if anyone might read the chapter, the book. Some were
stopped by illnesses, by other duties, or by supervisors who preferred seeing them to
work (in a more direct manner) for the company or protected them to not burn them-
selves. Solid-state development and processing as well as many of the other branches
in the pharmaceutical value chain with all their facets have for sure a societal impact
and are impacted by society.

1.1.3.3 Beyond the Impact on Individuals

The aforementioned addresses the personal dimension of societal impact. There is
another dimension, an even larger one worth to be addressed. What is the impact
that the investigation of the solid state has on organizations? How do these organiza-
tions act, develop, and influence science, regulations, businesses, and consequently
societies?
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It was Albert Einstein who realized that the experience of a chronological
sequence, which we usually call history, depends on the perspective of the observer
and whether events appear to be (i.e. are) simultaneous or one after the other. Apart
from this relativistic point of view on events, the speed of experiencing and learning
for human beings is usually chronological. “Standing on the shoulder of giants”,
often attributed to Isaac Newton, but going back at least to the twelfth century [8],
summarizes how the accumulation of knowledge and progress establishes. Individ-
uals learn from and build on the experiences of others. The essence of enterprises,
often praised, sometimes forgotten (as reflected by the term human resources),
is the sum of all the individuals working for these companies. One way to reflect
on their collective achievements is that economical figures illustrate the financial
value of a company. Besides, there is also a social value. There are examples where
the social value of an organization correlates with the economic value [9].

1.1.3.4 Understanding the Market - Not an Easy Task

In particular, the pharmaceutical industry in Europe itself, represented by the Euro-
pean Federation of Pharmaceutical Industries and Associations (EFPIA), annually
presents their economic and societal contribution [10, 11].

There are other potential sources for data, like statistical offices. Unfortu-
nately, figures are usually not broken down to an extent where the impact of
solid-state-related activities becomes visible. This same issue occurs with official
statistical data acquired, for example, by the German statistical office (Statistisches
Bundesamt, DESTATIS) as published in the GENESIS-online database (https://
www-genesis.destatis.de) or the European Commission as published in the Eurostat
database (https://ec.europa.eu/eurostat/web/science-technology-innovation/data/
database).

Because the categories are very generally defined (see Table 1.1), no informa-
tion can be derived and assigned particularly to the impact of such a niche like
“solid-state activities” on turnover or number of employees.

Even harder it is to get corporate data broken down to the affect and effect of phar-
maceutical solid-state activities. According to national laws, companies may have

Table 1.1 Categories in the German DESTATIS GENESIS-online database (as of
2019-08-14).

Code Content (category) Translation of content

WZ08-72 Forschung und Entwicklung Research and Development

WZ08-721 Forschg.u.Entwicklg. in Research and Development in
Natur-u.4. Wissenschaften natural and similar sciences

WZ08-7211 Forschung und Entwicklung in Research and Development in
Biotechnologie biotechnology

WZ08-7219 Sonstige Forschg.u.Entwicklg. Other Research and Development in
von Naturwiss. u.A. natural and similar sciences

WZ08-74 Sonst. freiberufl.,wissenschaftl. Other self-employed, scientific, and

u. techn.Tatigk.

technical activities
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the obligation to publish their financial results. In Germany, e.g. public companies
(AG) listed on the stock exchange and companies with limited liability (GmbH) dis-
close their accounting documents on a yearly basis to the operator of the Federal
Gazette (i.e. Bundesanzeiger) or deposit them in the business register (i.e. Handel-
sregister) [12]. The data can be accessed via the Internet [13].

Following this approach to get insights into the historical development of
solid-state-related businesses, it has to be taken into account that the level of detail
is quite coarse as it lists the cumulative financial results of the enterprises per year.
Therefore, possibly none of the financial figures can be attributed to solid-state
departments or even smaller working groups being just a part of a bigger chemical
or pharmaceutical company.

Nevertheless, if the business of a company is mainly focused on solid-state-related
services, the historical financial figures of this company can be considered, with
some approximation, to reflect the development of solid-state services over the years.
Maybe not as a representative pars pro toto but at least as an example.

On the German market, the company Solid-Chem GmbH, located in Bochum, is
one of these focused companies. According to the company philosophy [14], they
investigate the solid-state chemistry of products and offer consulting and scientific
support with also covering aspects dealing with drug products (DPs). Data about
the company are available in the Bundesanzeiger. The company may serve, at least
for the period of data published, as an example that reflects, based on its finan-
cial results, the necessity and importance of solid-state investigations and services
for the chemical and pharmaceutical industry. Unfortunately, data published in the
Bundesanzeiger are not as comprehensive and telling as one might wish. In gen-
eral, nothing is said about the number of employees and the wages paid nor is there
information on the types of projects.

Another indication for the increased interest in pharmaceutical solid-state activ-
ities is the acquisition of companies formerly specialized in the investigations of
solid-state topics and their implementation into larger contract development and
manufacturing organizations (CDMO), exemplified by

e SSCI, originally founded in 1991, acquired in 2006 by Aptuit, and since 2015 a
division of Albany Molecular Research (AMRI).

o Crystallics, originally founded in 2000, acquired by Ardena in 2016.
In the years between, the solid-state facilities were part of several splits and
mergers.

e Pharmorphix, originally founded in 2003, acquired by Johnson Mathey in 2015.

e Solid Forms Solutions, acquired by Avista Pharma early in 2018 subsequently
acquired by Cambrex end of 2018.

Another observation is expansion of formerly focused expertise into service
providers with an extended portfolio as well as formation of associations, as there
are, for example,

e Solvias
o Crysforma, as part of ICIQ (Institut Catald d’Investigacié Quimica)
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e APC
o CMAC

Although there are examples that the pharmaceutical industry divests solid-state
expertise, several CDMO have established in-house solid-state expertise to support
development and manufacturing but may or may not offer this expertise as a separate
service for third parties.

1.1.3.5 Benefits of an Interdisciplinary Mindset

There may be other approaches to get telling data. Maybe professional data providers
or chemical or pharmaceutical societies have a deeper insight into the figures of their
individual or corporate members. Maybe newspapers or major business consulting
companies have a database that might give more answers about the societal impact
and impact on society if properly analyzed and publicly distributed. Business, liter-
ature, or patent databases may, and certainly do, serve as a source, and the contents
might be crawled by data mining algorithms. Data analytical tools could eventually
process the results with respect to

publications, posters, conferences, whitepapers, webinars, and seminars
business figures, financial data, merger & acquisitions

applications, granted patents, application status (active, inactive)

dates, to put everything in chronological order

occurrence of terms in title, abstract, description, example, and claim
terms like polymorphism, salt, cocrystal, modification, Form A ... Form Z, Form
I... Form XVIIIC, Form « ... Form Q, and so on

various solid-state characterization techniques

companies, assignees, inventors

...and more ...

... and combinations thereof

As an example to demonstrate, the opportunities of combining several sources like
patent and financial data may serve the valuation analysis for Norvasc® in which the
attractiveness, i.e. sales threshold, to circumvent a secondary salt patent was esti-
mated for products in the United States to be about $1.5 bn [15].

Such results combined with insights gained from sociological or historical
research might generate new knowledge and understanding of relationships.
This will certainly happen if data use rights and privacy laws allow and someone
identifies a financial advantage or business case.

1.1.4 The Basis for Mutual Understanding

Terms used in science typically get a definition to provide a common base for con-
versation. Unfortunately, different actors think that different definitions are mean-
ingful and correct to express the situation. Therefore, a range of definitions for terms
evolve throughout time and space and a jargon is formed, while we are permanently
exchanging thoughts to simplify and speed up communication and interaction.

9



10 | 1 Aspects for Developing and Processing Solid Forms

‘ Organic and inorganic compounds ‘

l

‘ Solid forms of APIs ‘

Solid forms of
intermediates, impurities and excipients

‘ Crystalline ‘ ‘ Amorphous ‘

Single-component

Anhydrous/nonsolvated
and their polyamorphs

Multi-component ‘ ‘ Multi-component ‘

1

Hydrates/solvates
and their polymorphs ‘ Salts ‘ ‘ Cocrystals ‘

Anhydrous/nonsolvated
cocrystals and their polymorphs [
Anhydrous/r el PEERE
salts and their polymorphs

Hydrated/solvated
Hydrated/solvated cocrystals and their polymorphs
salts and their polymorphs

Hydrates/solvates
and their polyamorphs

Salts and
their polyamorphs

Solid dispersions and
their polyamorphs

Cocrystals of salts
and their polymorphs,
solvates and hydrates

Figure 1.2 The complexity of solid compounds in pharmaceutical applications. Amended
chart based on Aitipamula et al. [16].

Figure 1.2 illustrates an attempt to categorize the diversity of solid forms. Various
potential combinations of solids can be formed by combining single components. In
principle, the following categories apply:

Nature of compound

Degree of crystallinity (amorphous-crystalline; i.e. unordered—ordered)

Number of components (single-multiple) and ratio

Type of components (liquid-solid; aqueous—nonaqueous)

Nature of bonding, type of interaction (ionic-n-x interaction—-van der Waals)
Number of solid forms having the same composition (polymorphism)
Homogeneity (purity, ideality) of the solid arrangement (pure-mixed phases; solid
solutions)

To make the image complete, combine elements from these categories.

A consideration of basic principles, terms, and aspects is provided and discussed
throughout the years in details elsewhere, exemplified, without claiming complete-
ness, by [17-35] and all the references mentioned therein.

The following sections and chapters emphasize some of the prerequisites and
aspects to provide a base for a better understanding for solid-state aspects of small
molecules and the enormous impact on chemical and pharmaceutical development
and processing.
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1.1.5 Crystallization is a Separation, Not a Separated Process

Crystallization is the separation process that leads to solid crystalline material and
is as such, together with other separation techniques, responsible for 40-90% of the
spent capital and operating costs of industrial production [36].

Why crystallization? Crystallization is an acknowledged and well-established
purification step suitable to deplete impurities like by-products, unreacted reagents,
catalysts, or residual solvents introduced by the preceding synthesis. Therefore,
crystallization is a perfectly suited unit operation to separate valuable material from
waste or material that is supposed to be used in other value chains.

Moreover, why crystalline solid material? Materials in crystalline solid state gener-
ally exhibit superior stability properties than in amorphous or liquid state. Alteration
processes like decomposition and chemical reaction (e.g. oxidation) are reduced due
to low mobility of the constituents compared with amorphous or liquid state.

In course of the organic synthesis and the subsequent crystallization procedure,
the solid material is in the suspension still in contact with solvent and impurities
from the reaction. At this stage, in the slurry, changes in the solid form may con-
tinue to happen. Thermodynamically, more stable forms can evolve from metastable
modifications or solvate formation can happen since at lower temperature another
region of stability might have been reached. Due to increased concentration unin-
tended precipitation of byproducts or impurities can happen or addition compounds
may form.

To further purify the desired material, typically filtration or centrifugation fol-
lowed by washing of the filter cake is applied subsequently. With respect to the solid
form, this should happen with some care because solvate formation or exchange of
the solvate in solvated forms can take place as well as pre-drying with flow of air or
inert gas may lead to desolvation of solvated forms.

Often the separation is followed by a drying routine to remove residual solvent and
increase flowability of the solid material. Besides changes in particle size caused by
agglomeration or breakage, also a change of the solid form may happen as described
earlier. In addition, since generally thermal energy is introduced by raising the tem-
perature level, polymorphic forms may interconvert. Reduced pressure is commonly
applied, which may lead to unexpected behavior in contrast to atmospheric pressure
conditions. Especially drying of solvates to a defined stage requires thorough knowl-
edge and investigation of the phase diagram to avoid producing material that is not
according to the desired outcome.

Transport and storage may expose the drug substance (DS) or other materials, like
reactants, intermediates, or excipients, to conditions that can also affect the solid
state. Consider temperature changes by moving drums from the production hall to
a storage place that has a different temperature or exposes the material from time to
time to sunlight. Besides condensation of moisture, additional drying due to temper-
ature changes may have an effect on the polymorphic or solvate form. Furthermore,
mechanical forces can result in changes of particle sizes and morphology.

Eventually a formulation process like tableting can affect the solid state of the
DS as the DP is produced. The variety of formulation processes comprises multiple

11
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chances to impact the solid form of the DS. Thermal stress and mechanical forces
may alter the physical form of the DS as well as bring it in contact with excipients
being potential sources for moisture or water or even partners for chemical interac-
tion. Upon storage and transport, the final DP should also not alter its properties.

This process chain described earlier [31] illustrates the embedding of the crys-
tallization in a broader context. Although crystallization is the first step where
solid properties can and should be addressed, subsequent process steps may alter
and modify solid characteristics and must therefore be considered and understood
as well.

Additional aspects complete the image of integrated solid-state development
and processing. Figure 1.3 illustrates interrelating tasks and duties that have to be
managed and handled during solid-state development and processing. It all starts
with setting up the scene. Define the objective(s) that shall be reached. Organize and
establish the infrastructure necessary to reach the goal. This comprises availability
of suitable equipment and materials as well as experienced and well-educated
staff or teams who are prepared and trained to perform the required tasks. Next
is designing the experiments and/or processes. Think about what is required and
necessary to reach the objective as fast and as cheap as possible with sufficient
quality. Select the types of analytics suitable to monitor proceedings and confirm
quality. Develop and establish analytical methods and sampling (drawing and han-
dling) procedures. Confirm that initial thoughts were correct or adopt if necessary.
Subsequently, solid formation processing sets in. Experiments to investigate and
optimize or processes to reproducibly conduct crystallization and formulation as
well as downstream procedures like isolation and drying have to be set up. Not to
forget the installation of efficient delivery pathways to analytical operators, clients,
or patients. As part of all these processes, knowledge generation happens. People
and organizations learn permanently. Learning should be as effective as possible
to reduce development efforts or enhance manufacturing capacity. Additional
value can be generated by efficient communication between all stakeholders
participating in those development and manufacturing processes. Digitalization of

Define objective " Plan experiments Understand results Communication
: = — = ~
Organize infrastructure Define analytics Draw conclusions Digitalization
Determine current knowledge Confirm set-up. Report and discuss IP protection
@ ~ AV <

Perform experiments Perform experiments Perform experiments Package
=D = ‘=

Sampling Sampling Sampling Storage

Analyse samples Analyse samples Analyse samples Transport

Documentation

Optimization

Figure 1.3 Tasks and duties for solid-state development and processing.
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technical and business procedures is advised wherever meaningful and applicable
to ensure effectiveness and reliability. Understanding mutual requirements and
needs is important to reduce overall efforts, enhance performance, and reduce
costs. Certainly, the efforts should pay back and value preserved by protecting the
intellectual property (IP) generated. Along all these procedures and processes,
documentation and optimization must take place. Otherwise, quality cannot be
guaranteed and knowledge gets lost if not distributed within the organization while
costs increase and performance stagnates.

Always keep in mind that tasks should never be considered from an isolated
perspective. Interact, exchange, and attempt to resolve issues jointly. However, not
necessarily at the stage where they pop-up or cause trouble. Strive to overview the
complete processing chain. Try to get external input by consultancy, give internal
teams the chance to reflect their achievements, and support further progress.
Identify causes and effects and establish the solution where overall costs and
burden are least. Probably, isolated budgets and task forces optimizing solely their
particular field of responsibility are the worst approaches — at least from a scientific
or an engineering point of view.

1.1.6 Some Early Information About Solid-state Properties

It may happen that synthetic chemists may not even be aware that they are describ-
ing important properties of the materials used as starting materials (reactants) for
a reaction or as outcome thereof (products, by-products) in the synthesis proce-
dure that is documented in the (electronic) laboratory notebook. This information
may be very valuable initial information for a solid-state or formulation scientist
when it comes to further investigation and development of the compound. Table 1.2
illustrates some types of solid-state-related information that could be extracted and
questions that may arise from synthesis descriptions. As a consequence, the more
detailed such a procedure is documented, the more information can be derived.

A basic training for synthetically working staff is recommended to teach them
about what may be relevant information for subsequent solid-state investigations.
For example, failing attempts with other solvents for extraction or some early solu-
bility tests are worth to be documented and to be handed over when the synthesis
is transferred to another lab, e.g. for resynthesis, further optimization, or scale-up.
However, even more important is a clear, extensive, and unambiguous documenta-
tion that enables someone who wants to reproduce the results or wants to scale-up
the reaction to do so.

1.1.7 Digitalization (Not Only) in the Laboratory

1.1.7.1 Prerequisites - Technology and People

Digitalization is more than digitization. While the latter means transferring
analogue data into a digital version, i.e. scanning a piece of paper to create an
electronic JPEG or PDF document, the former term “digitalization” is more
comprehensive. The Gartner IT Glossary [37] defines digitalization as “the use
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Table 1.2 Example for a synthesis procedure.

Description

Information on properties

A 250-ml three-necked flask was charged
with 105 ml ethanol 1.30 g (56.5 mmol)
and reactant 1

After the reactant 1 was dissolved upon
stirring, 4.70 g (49.9 mmol) compound 2 in
20 ml ethanol and 8.56 g (69.6 mmol)
compound 3 were added.

The solution was boiled under reflux and
moisture exclusion for 215 hours.

The next day, the ethanol was distilled off
and the residue was dissolved in 35 ml of
5% sodium hydroxide (NaOH) solution

Solubility of reactant 1 in ethanol is
>1300mg/105ml, i.e. >12.4 mg/ml

Reaction time for dissolution (not
specified)
Was compound 2 dissolved or suspended?

Was it a solution from the beginning or
dxfissolve the reactants slowly upon
reaction?

The reaction (or reaction product) is
sensitive to hydrolysis.

Reaction product is stable at elevated
temperature, stable under basic conditions
and soluble in NaOH (¢ =5%)

Was it a solution or suspension the other
day?

The solution was extracted five times with Product is soluble in TBME
20 ml tert-butyl methyl ether (TBME) in a

separating funnel

Subsequently, the solvent was stripped off
yielding some grams of a yellowish
crystalline powder

Evaporation crystallization is possible
The color may indicate that some
impurities remained

How has crystallinity been proved? by
XRPD? Which crystal form resulted?
Evaporation may lead to amorphous
material or metastable polymorphs

Is cooling crystallization also possible?

of digital technologies to change a business model and provide new revenue
and value-producing opportunities; it is the process of moving to a digital
business.”

Referring the example of scanning the paper, digitalization addresses the causes
and effects of doing the scan. “Scanning” could bring additional value by reducing
shelf or storage room for archiving; applying object character recognition techniques
to the electronic document enables searching for terms and implementing the data
in more complex business process, e.g. for electronic implementation of the scanned
data into an Electronic Lab Notebook (ELN).

However, looking into laboratories today, one might get the impression that
digitalization is yet a challenging task, and digital transformation, as remarked
by Gartner [38] “can refer to anything from IT modernization” and is indeed
interpreted as anything related to IT. Initiatives by senior management [39] even-
tually force actions in the laboratories. However, this desirable situation finds its
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limitations in reality. Machine learning (ML), for example, is a topic of general
interest and concern. Unfortunately, there is a lack of experiences and competences
and if there are no resources or budget for data analysts or data scientist than it
is advised to companies to educate employees from R&D (i.e. domain experts)
in these technologies [40]. As long as this expertise has not yet entered labora-
tories, even implementation of basic digitalization solutions does not take place
everywhere. Still, experiments are documented in paper lab notebooks and Excel
sheets are (mis)used as databases and represent the foundation of the daily work
in many enterprises. Basic principles of database practices (e.g. normalization)
are not always applied. Information is filled into Excel sheets in a manner that
would require additional, yet unnecessary workload to tidy the data for automated
analysis by ML techniques. As an example, spreadsheet cells become united to
look nicely or become filled with unformatted and inconsistent types of data.
Hopefully unknowingly, but consequently increased efforts are necessary to extract
the information automatically, yet even manually. Therefore, training in basic IT
principles is essential to raise the chance to modernize, i.e. digitalize, laboratory
workflows.

In the end, it is all about people, their attitude, habits, and “kingdoms.” The
latter refers to another important preventer of rapid and exhaustive implementation
digitalization: the tendency of protecting and shielding domain areas, like synthesis,
biological or analytical data, and reports from external (but in-house) inspections
or accesses. Being afraid of nonexperts to misinterpret data or tear information
out of the original context leads to establish protection routines, either physical or
organizational barriers.

Consequently, advice for starting (or accelerating) digitalization is to identify
domain experts who have an affinity and attitude toward IT topics and love
to develop visions and who have the ability to transport these visions to their
colleagues and encourage progress in digitalization and empower these talents to
reorganize workflows, if necessary beyond borders of laboratories or departments.
To prevent frustration, it is recommended to harvest the low-hanging fruits first,
i.e. start small in an area, e.g. laboratory, that is under supervision of the domain
expert and select primarily staff willing to follow suggestions for innovative solu-
tions. Educate domain experts not just in technological topics, but also encourage
continuous professional development of soft skills, like innovation management or
leadership.

1.1.7.2 Connect Data and the Right Information from Synthesis and Analysis
Not only for solid-state experiments, there is a necessity to connect information from
synthesis with analytical data. Especially in light of digitalized workflows, proper
naming of samples is necessary to facilitate the interpretation of results. In industrial
environments, often multiple experiments are performed in short time or even in
parallel.

Awareness of which experiments shall be and were performed and at what stages
samples should be or were taken as well as proper coding of the experiments and
especially the samples and their characterization, i.e. the analytical results,
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Figure 1.4 Sampling procedure for a filtration process.

is key for accurate and quick interpretation and consequently knowledge
generation.

Figure 1.4 illustrates potential sampling steps for a filtration. During isolation of a
solid from a suspension, various solid materials occur. First, there is the filter cake.
Depending on the filtration procedure applied, it may be pre-dried applying an air or
nitrogen flow going through the wet solid. This filter cake is typically transferred to
a dryer (e.g. a vacuum oven), where it is usually dried until no further mass loss
is observed. Below the filter, there is the filtrate, which is a liquid and it occurs
that subsequent precipitation or crystallization happens out of the filtrate. This acci-
dently generated solid material should subsequently also be isolated and analyzed
in a wet or dried state. These considerations on awareness on sampling procedures
apply not only to laboratory experiments but also to piloting and manufacturing of
DSs and DPs.

To understand material properties and changes throughout the process, first the
right information must be derived. For example, in case of the filtration experiment,
the wet filter cake should not be exposed unconsciously to subsequent sample prepa-
ration when the solid form, maybe a solvate, shall be determined by XRPD. Sample
preparation like drying or storing the sample in a fridge may alter the solid form,
and consequently, false conclusions can be drawn from the analytical investigations.
Even worse, when the sample shall be investigated by various analytical methods
(probably in different laboratories) and each sample is treated differently on its way
to the measuring device. The results coming out of these investigations may not
reveal a clear picture, i.e. the results are inconsistent. For example, it maybe that
thermal gravimetric analysis (TGA) reveals a mass loss indicating existence of a
mono-solvate, but the XRPD shows the pattern of an ansolvate.

A prerequisite to be able to collate analytical results accordingly is meaningful
naming or coding of experiments, materials, and samples. It sounds obvious but
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unfortunately, sometimes not enough care is spent on the coding of samples that
enables

(a) correct assignment to the process step where and when the samples were taken
(b) automatic collation in a data management system of the results of various ana-
lytical methods.

An inefficient approach of sample naming is attempting to type “all” information
about the synthesis conditions (e.g. temperature, solvent, catalyst used) or mate-
rial properties (e.g. enantiomer, solid form) in the sample name. This may work
for exploratory experiments where one single researcher tries to keep track of his
(initial) efforts for a small project but is doomed to fail in a professional industrial
workflow involving multiple users and laboratories.

The solution to keep track of synthesis conditions and analytical information effi-
ciently is some kind of data management system. That may be a paper notebook,
but the analogue format of paper lacks flexibility to replicate, analyze, visualize,
aggregate, and report information. Today, an electronic format, a digitalized solu-
tion, appears to be mandatory. Worksheets may do the job but far more efficient,
especially in complex industrial organizations, are dedicated systems like electronic
laboratory notebooks (ELNs), laboratory information systems (LIMSs), databases
for the various analytical datatypes, knowledge management platforms, or inter-
connected combinations of those systems. These systems can simplify ensurance of
data integrity and should be properly selected to match the individual needs of the
laboratories and users and their roles. Furthermore, it should not be forgotten that
implementing, maintaining, extending, and developing such systems enforces over-
head which typically is not appreciated by senior management. The business case
considering efforts and returns must be made up by every organization itself.

1.1.7.3 Contributions and Choices

Sometimes it is hard to find the appropriate equipment, be it hard- or software, that
fits to the needs of the laboratory or the staff working there. One reason might be
that decisions on product features are often driven by manufacturers on technical
reasons, causes to ensure compatibility to older systems, or by innovative minds
prospecting and anticipating future needs. Quite intelligent is approaching the cus-
tomers and listening to the “voice of the customers” [41] or even better identifying
the needs unknown or not even expressed by the customer as propagated by innova-
tion management. It is attributed, probably falsely, to Henry Ford that customers
would rather wish “faster horses” instead of thinking in new, innovative dimen-
sions like “cars” [42]. Fortunately, the latter approach is followed as witnessed by
numerous questionnaires, conferences, or user group meetings organized or spon-
sored by manufacturers. Serving not only to raise awareness about latest product
developments (i.e. promotion) but also to get a better understanding about the mar-
ket’s desires is a driving force. Eventually raising market share and turnover is the
ultimate goal for the manufacturer. Nevertheless, reaching this objective is under
control of the customers in the laboratory that claim their needs, decide for sys-
tems, and continuously raise their voice and actively contribute to device, system,
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and software development. It is worth to spend some resources (time and budget)
on contributing to systems that are business critical for the respective laboratory.
Giving feedback on bugs, naming desired changes or modifications for interfaces,
or expressing functional requirements is essential to direct system suppliers in the
right, the customer’s, direction. If the supplier is not willing or able to listen and act,
then customers have the choice to vote with their feet.

However, what is the right direction to go? Which device or system fulfills the
needs of the various stakeholders best? One foundation is to get an overview on the
market and understand pros and cons of the various solutions. Define your objec-
tive and requirements first, identify your current standpoint, and then identify the
various paths to proceed and options you have. Evaluate appropriate solutions and
suppliers. Make use of the various tools to get market transparency. Go to fairs,
attend conferences, attend webinars and seminars, and search the Internet for prod-
uct information. However, be careful with experiences posted anonymously. Find
advice you can trust. Either by recommendation of colleagues or by other customers
you might have identified on focused user group meetings. Weigh disadvantages and
advantages. What is a disadvantage for the other one might be advantageous for you
and vice versa. Be aware that good decisions require efforts on your side. The options
you have reflect the triangle of project management (Figure 1.5). In the center, you
get the maximum of quality with the most comprehensive scope instantaneously at
no costs. Real live projects are always a trade-off. If you do not have persons with the
right skills, you can spend money hiring them. If you do not have the money, you
will get poorer quality or a less number of requirements sufficiently addressed or it
will take longer time to finish the project. Eventually risk management tells at what
levels the project is managed at best.

1.1.7.4 Application of Digitalization

Certainly, the main and basic starting point is digitalization of the general daily
work. Historically, introduction of calculating machines and substitution of type-
and telewriters can be considered as the starting point for the digital revolution
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reaching to the masses. Today, knowledge in basic office solutions, like text pro-
cessors, spreadsheets, email programs, and ability to search the Internet, is a basic
request in all job announcements.

In addition, more specific talents are ask when it comes to complex tasks and
applications that are more and more part of industrial workflows, exemplified by
the ability to insert basic information into information systems and knowledge of
how to query databases. Often welcomed expertise are skills to create databases and
write software applications, starting with macros or python scripts for data analysis
but leveling up to implementation of automated data analysis by means of ML or
artificial intelligence (AI) or more complex software solutions implemented in the
laboratory workflow.

A part of these requirements is a necessity to apply and transfer general digitaliza-
tion solutions to applications in the expert domain. Staff and management need to
familiarize with domain-specific software. In the field of solid state, there are numer-
ous analytical devices in use that create data files that need to be evaluated, inter-
preted, and understood. This process is often be accompanied by third-party software
that, for example, calculates physicochemical properties, simulates XRPD pattern,
visualizes, analyses, or predicts crystal structures. Last, but not least, it is important
to have an idea, if not a vision and thorough experience, how individual available
and potential solutions can be assembled and integrated to enhance comfort, effi-
ciency, and reliability of daily tasks and build a seamless workflow. Figure 1.6 might
give an impression on the various levels and complexity for digitalization solutions
in a laboratory environment. However, it has to be considered that the complex-
ity of implementation and use of software solutions always go hand in hand with

Complex
Artificial intelligence 4 System and workflow design
Machine learning Simulation, prediction
(Big) Data analysis ELN / LIMS administration
Programming Process analytic (PAT)
Database query Automated lab reactors
General «§ e 5:;2?:2
Visualization ELN / LIMS user
Spread sheet Analytical devices
Text processing Lab equipment
v
Simple

Figure 1.6 Level and complexity of digitalization.
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the skills of the users. Furthermore, application of general tools for domain-specific
purposes always requires domain experts that support design, implementation, and
maintenance.

1.1.7.5 Fully Digitalized Infrastructure
Categorization of the various IT systems used within a laboratory in hierarchical
order with respect to complexity and criticality for business aspects is meaningful.
This supports definition of objectives and where to start (or continue) digitalization.
A pyramid naming the types of systems visualizes for a single department or labora-
tory this hierarchy. From bottom to top, the number of devices typically decreases,
whereas the complexity and criticality increase. First, interdependencies with this
departmental pyramid should and must be considered. Remove ideological and tech-
nological barriers. Ensure seamless mutual interoperability of the systems as well as
data integrity. Next, identify and implement critical interfaces to ensure effortless
operation of the departmental systems. Focus on satisfying the needs of all stake-
holders - within the pyramid and beyond. Start with simple and most useful tasks
and progress with the more complex and less important ones. Never forget justifica-
tion of actions by ensuring return of investment, competitive advantages, or fulfilling
regulatory requirements.

Last, try to interconnect systems of various departments and external contributors
wherever meaningful (Figure 1.7).

Exemplified for a solid-state laboratory and displayed on a more detailed IT
and laboratory system and technology level, a fully integrated IT environment
(Figure 1.8) comprises systems like

Lab support Business support Application (Regulatory)
¢ Chemicals e Literature * (A)NDA
* Materials * Patents *eCTD
* Safety data Supplier *QA *IB
databases
% /ERP Ii T
e * ELN, LIMS \ o

ELN, LIMS A ELN, LIMS
LEA, SCADA, HMI F LEA, SCADA, HMI LEA, SCADA, HMI

PLC, PLS . PLC, PLS

Probes, sensors PLC, PLS Probes, sensors

\ Probes, sensors
Biology - - Manufacturing

- Pharmacology . . - API (DS)
- Toxikology Chemistry Pharmaceutical - Pharma (DP)

- MedChem - Pre-formulation
- ChemDev - Formulation

Figure 1.7 Hierarchy and Interoperability of departmental IT systems. ERP, enterprise
resource planning; ELN, electronic laboratory notebook; LIMS, lab information system; LEA,
lab execution and analysis system; SCADA, supervisory control and data acquisition; HMI,
human-machine interface; PLC, programmable logic controller; PLS, Prozessleitsystem, i.e.
distributed control systems (DCS); DS: drug substance; DP: drug product; QA: quality
assurance; (A)NDA: abbreviated new drug application; eCTD, electronic Common Technical
Document; IB, investigators brochure.
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Figure 1.8 Fully digitalized IT and lab system landscape for a solid-state laboratory.

o (Automated) lab reactor systems (synthesis and formulation devices)

o analytical devices (X-ray, spectroscopy, imaging, chromatography, stability, disso-
lution, PAT probes)

server and automation services (hardware, software)

design and planning tools

ELN and database systems

data analysis and reporting tools

human-machine interaction (HMI) devices (PC, tablets, smartphones, etc.)

Such fully digitalized infrastructures (Figure 1.8) have already been successfully
implemented in the past. Many efforts are required to configure and adopt out-of-the
box solutions and interfaces between the systems. However, attempts to harmonize
data exchange standards may simplify implementation and maintenance. Yet,
skilled staff and professional support is a prerequisite for implementation, opti-
mization, and maintaining integrated high-end systems operable. One of the most
important aspects, as for many projects and business processes, is communication.
Communicate and discuss

o needs to keep stakeholders satisfied and
o intended changes to ensure seamless and continuous interoperability of systems.

1.1.8 Basic Terms and Concepts in the World of Solid State

1.1.8.1 Crystalline and Amorphous
Typically, a crystalline material is understood as having long-range order in all three
dimensions of space (see Figure 1.9a).

Order means periodic arrangement of smaller units (atoms or molecules) that
is mathematically described by symmetry operators. The International Tables of
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Figure 1.9 (a) Arrangement with long-range order, (b) mainly amorphous, arrangement
without long-range order, to some extent local order exist, (c) completely amorphous.

Crystallography lists 230 space groups that represent the manifold of arrangements
of potential symmetry elements that are used to describe periodicity in crystal
structures [43].

Amorphous material lacks the periodicity over a longer range (see Figure 1.9b
and c). Therefore, an X-ray powder investigation would not result in a pattern with
narrow and distinct reflexes but with one or more broad halos. The borders may be
fuzzy. Local order and its extent may be recognized with solid-state nuclear mag-
netic resonance (sSNMR) spectroscopy [19, 44] or pair distribution function (PDF)
analysis applied to XRPD [45-48].

Various analytical methods can be used to determine qualitatively and with addi-
tional efforts quantitatively whether a sample is mainly or partially crystalline or
amorphous. For example,

e Microscopy

o Crystalline samples of pharmaceutical compounds often exhibit birefringence.
The sample must be analyzed using polarized light using cross-polarized optical
filters.

o X-ray diffraction

o Crystalline samples diffract radiation in the wavelength of X-rays (e.g. copper
radiation has a wavelength of c. 1.54 X 1071% m). This results in either distinct
diffraction spots in case of single-crystal diffractometry or reflexes in an X-ray
powder diffractogram.

o Evenin case of no distinct Bragg reflexes present, a powder diffractogram can be
used to determine the extent of short-range and long-range order, e.g. by apply-
ing the methodology of fast Fourier transform (FFT) analysis and PDF analysis.

o Single-crystal X-ray diffraction (SCXRD) data are important to simulate
the XRPD based on the structure to confirm phase analysis. Furthermore,
SCXRD enables the determination of identity including the absolute stereo
configuration of compounds.

o Thermal analysis

o Differential scanning calorimetry (DSC) may reveal glass transition, melting,
and phase transitions.

o TGA may show mass loss (solvent) or decomposition.
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1.1.8.2 Crystallization and Precipitation

Precipitation (i.e. rapid, uncontrolled solidification) and crystallization are not the
same. To get a hand on the material, synthetic chemists often crash out (precipitate)
the solid form and believe they have crystallized. However, common understanding
of crystallization is that crystallization is a controlled process step, whereas precip-
itation is mostly uncontrolled and can lead to amorphous products, too (which are
not crystalline).

Crystallization and precipitation processes both have their justification and appli-
cation. Thorough investigation of the underlying process parameters and knowing
the intended product profile is essential for successful development, implementa-
tion, and integration of such processes.

1.1.8.3 Understanding the Phase Diagram - Analytical Characterization

of the Solid-Liquid and Solid-Solid Systems

Besides microscopy, X-ray diffraction, and thermal techniques, there is a variety of
additional analytical techniques more or less suitable to investigate and characterize
the solid state. There are ssNMR spectroscopy, vibrational spectroscopy like Raman,
infrared spectroscopy (IR) and terahertz spectroscopy, dynamic vapor sorption
(DVS) methods, electron microscopy (scanning and transmission techniques), and
electron diffraction crystallography, to name the most commonly used. With a
particular focus on industrial applications, other chapters of this edition describe
in further detail some of the techniques mentioned along with examples for
application.

In addition, investigating the liquid phase that is in contact, under equilibrium
or nonequilibrium conditions, with the solid phase are relevant to foster under-
standing the complete picture leading to formation or stability of one or the other
solid phase. Knowing the composition of the liquid phase as well, e.g. supersatura-
tion, impurity profile, solvent composition, in particular water activity, is important.
Appropriate means to determine concentration profiles are spectroscopic methods
like Raman and IR, titration (e.g. Karl Fischer), and chromatography and coupled
methods (high-performance liquid chromatography [HPLC]; liquid chromatogra-
phy coupled with mass spectroscopy [LC-MS]).

Collecting and putting together information gathered about the liquid and solid
phase under various conditions (like temperature, composition, pressure) consti-
tutes a phase diagram that eventually indicates regions of stability and potential
transformation pathways between solid phases. Phase diagrams are, for example,
treated in detail in the chapter “Thermodynamics of Polymorphs and Solvates”
written by Coquerel in [22], the construction of phase diagrams by means of DSC
is described [49] and the utility of phase diagrams is discussed also in context
with cocrystals [50-52]. The concept of phase diagram investigation is extendable
to the exploration of polymorphic landscapes by computational methods. For
example, to predict thermodynamic stability regions for crystal structures along
with subsequent attempts to prepare those polymorphic forms, by application of
high-pressure experiments [53].
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1.1.8.4 Polymorphism
Polymorphic per se means multiple morphic forms. It stems from the ancient greek
ToAd¢ (polus, “many, much”) [54] and popdfi (morphg, “form, shape”) [55].

The morphology, in terms of shape and outer form, of a crystal corresponds not
necessarily one-to-one to the crystal structure, meaning the construction of the inner
matter as constituted by the internal arrangement of atoms or molecules.

Unfortunately, this can lead to confusion. Especially, the frequently used term
“crystal form” does not inherently clarify if it addresses the inner form of a crys-
tal. If not specified, crystal form can refer to the inner form, the crystal structure,
or the outer form, the morphology or shape. For further clarification, the chapter
“Form vs. habit” in [24] is recommended reading.

In the context of solid-state development of inorganic or organic compounds, the
terms polymorphism and polymorphic forms are undoubtedly connected with the
inner form of the matter.

Scientific literature extensively dealing with polymorphism as well as considera-
tion on the regulatory treatment of polymorphism and solid-state-related topics are
available [31]. Various scientific definitions for polymorphism can be understood
as covering the spatial arrangement in a crystal of a single molecule or a single
entity formed by atoms as well as that of a substance that consists of two or more
molecules or other constituents. Sharma states “the term ‘polymorphs’ has in-fact
all-encompassing through its application to different crystalline forms of an element
or a compound with different atomic arrangements.” [56]

The European regulatory perspective considers polymorphism as “the ability
of a compound in the solid state to exist in different crystalline forms having the
same chemical composition” and that it may be exhibited in the solid state by all
types of compounds “single as well as multiple entities, such as salts, hydrates,
cocrystals, etc.” It is acknowledged that “different forms may possess different
physico-chemical properties” [57].

Other terms in this context are

o Allotropic forms. “The phenomenon that a substance exists in various solid states,
depending on the conditions (temperature, pressure), is found not only in sul-
fur, but also in many other substances [...]. This is called ‘allotropy’ in the case of
elements, and ‘polymorphism’ in the case of compounds.” Translated from: [58].
A discussion of the use of the terms allotropes and polymorphs is provided in
[56] that concludes with the recognition that the terms have taken on the same
meaning.

e Modification. Typically, the term modification is used synonymously with poly-
morph or polymorphic form. In English, the word “modification” has several
meanings like change, alteration, limitation, deviation, and also deformation
[59], which explains the synonymous use.

However, a statement found in a reference from 1966 [60] indicates that there
formerly might have been some differentiation in meaning of the terms. The ref-
erence states
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“Wann liegt eine Modifikation vor? Der klassische Polymorphiebegriff und
seine Definition der Modifikationen erscheint eindeutig, wenn man etwa
an den Schwefel oder den Phosphor denkt. Er verliert jedoch an Klarheit,
wenn nahe verwandte Strukturen vorliegen, zwischen denen noch Ubergiinge
maoglich sind.” which translates to

“When is there a modification? The classic concept of polymorphism and its
definition of modifications seems clear when one thinks of sulfur or phos-
phorus. However, it [the concept] loses clarity when there are closely related
structures between which transitions are still possible.”

In particular, “concept of polymorphism and its definition of modifications” suggest
adifference in meaning. Unfortunately, no further description of what the authors
meant could yet be found. One understanding could be that” a modification exist
only under thermodynamic conditions” (R. Glaum [2019]. What is a modifiation?
personal communication). This would mean that enantiotropic polymorphs
are (both) also a modification because there are conditions under which either
polymorph is thermodynamically stable. Whereas in the case of monotropically
related polymorphs, only the thermodynamically stable one is a modification of
the compound.

e Morphic form. The term “morphic form” is used, e.g. by Saal (see Chapter 10), to
express the singular of polymorphic form. Saal understands the term as a synonym
by stating “polymorphic forms - also called morphic forms”. Therefore, the term
in that chapter refers clearly to the inner structure.

Critical may be the use of “polymorphic” if a crystalline form is denominated as
such if no different crystal structures, i.e. polymorphic forms, exist (or are known)
from that compound. Since the term “poly” means more than just one, it is assumed
that more than just crystalline form exists, which is contrary to the belief that only
one crystalline form exists. This may justify the use of “morphic form”. In reality sim-
plicity wins, therefore using “polymorphic” may be acceptable in daily use for such
cases, too. However, the term “morphology” is typically used to describe the outer
shape of materials. Therefore, it is recommended to think twice what is expressed
with the term “morphic form” when read or written.

1.1.8.5 Multi-component Compounds - Salt, Cocrystal, Solvate, and Hydrate
An overview about various definitions for multi-component compounds and alter-
natively used terms was collected by Stahly [61]. His broad definition of a cocrystal is
“a crystalline structure with unique properties that is made up of two or more com-
ponents. A component may be an atom, ionic compound, or molecule”. By stating
that the component “may be ionic,” this cocrystal definition also comprises salts.
Solvates and hydrates are included as a subset of cocrystals. In the case of solvates,
the molecule is a compound that is also known or used as solvent. In case the solvent
is water, the solvate is called hydrate.

The term clathrate describes multi-component compounds where one component
is contained in spaces within the crystal structure of the second component.
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Other terms may be synonymously used for cocrystal. So expressions like
co-crystal, molecular complex, or multi-component molecular crystal can also be
found in literature and may have a subtle different meaning.

Various discussions about definitions when a solvent is a solvent and the wording
are published [30, 61, 62].

One definition about when a multi-component compound can be considered a
salt and when a cocrystal is based on the difference in pKa values of the particular
components shall contribute to the extent of the proton transfer between two compo-
nents in the crystal structure. The situation has been discussed as the salt-cocrystal
continuum [63, 64] with the conclusion that the crystal environment and other fac-
tors like temperature are decisive for the extent of proton transfer and not a definition
(pK,) based on equilibrium in aqueous environment. Sometimes the decision about
the position of the proton cannot be easily made [65] or answering the question
takes time [66]. Discussion of these definitions may seem to be of academic nature;
the terms mentioned are used in regulatory documents. This means potential com-
mercial impact. Therefore, meaning, understanding, and interpretation of words,
data, and experiments can make an important and decisive difference. For example,
the perspective of the European Medicines Agency (EMA) on the topic is that “sol-
vates including hydrates can be considered as a subgroup of cocrystals. The solvent,
or the water, acts as a co-former in the same way as other co-formers” [57]. The
EMA acknowledges that there is no strict borderline between complete and no pro-
ton transfer at all. As a criterion of relevance, salts and cocrystals are considered
to have defined stoichiometries. EMA considers the properties that determine the
suitability for the intended objective and application as decisive: “Ultimately, the
resulting material properties are the critical factors that determine the suitability of
a developed solid-state form for the designated purpose, regardless of the molecular
bonding involved” [57].

Consideration of regulatory implications may alter as time goes by. Nevertheless,
the current perspective of regulatory aspects is important for registering and mar-
keting DPs (Chapter 10, [31, 67], or [68]).

One important conclusion is that classification is desirable but “researchers do not
always agree on what does or does not belong in a particular category or what the
definition of each category is” [64].

1.1.8.6 Solvates, Hydrates, Non-solvated Forms, or Ansolvates

A crystalline compound that does not contain a solvate is called an ansolvate or
non-solvated form. If a solid phase, e.g. a crystal, is in proximity of a liquid phase,
e.g. a solvent, the solid can attract the solvent. If the liquid phase remains at the
surface of the solid, the liquid is adsorbed. If it penetrates through the surface, it
becomes absorbed. If the liquid is eventually incorporated into the crystal structure,
a solvate or solvated form is formed. In case the liquid is water, the solvate is called a
hydrate. In analogy, there are names for solvates formed by the various organic sol-
vents (Table 1.3). If an ansolvate is formed from a previously solvated form that lost
the liquid, the resulting polymorphic form may be called a desolvate or desolvated
form. In the case of water, the form is called dehydrated form or anhydrate. There is
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Table 1.3 Naming of common solvate forms.

Solvent Name of the solvate
Water Hydrate

Methanol Methanolate
Ethanol Ethanolate
Propanol Propanolate
Alcohol Alcoholate

a specific nomenclature indicating the amount of water per mol parent compound
(see Table 1.4 and Figure 1.10).

Cave! In organic chemistry, some compounds are called hydrates (e.g. carbohy-
drates, diols, aldehyde hydrates), which actually do not contain any molecular water.
The name stems from water added by a chemical addition reaction (see Figure 1.11).
These types of compounds must not be mixed up with those containing water in the
crystal lattice.

“Hygroscopicity” names the tendency of a compound to attract water. Deliques-
cence describes beginning dissolution of a compound in water that it has attracted
from the surrounding atmosphere. Characterization of the degree of hygroscopicity
(or attractiveness to water) of a compound as a function of humidity and temper-
ature is possible by DVS experiments [69]. These kinds of investigation provide
information on the kinetics of adsorption and desorption as well as the deter-
mination of threshold values for humidity levels where sorption and desorption
happen. A rather simple setup is storing the compound in an exsiccator or glass

Table 1.4 Nomenclature for compounds with
crystal water.

Amount of crystal Name of the

water hydrate

0 Anhydrate

0.5 Hemihydrate

1 Monohydrate
1.5 Sesquihydrate
2 Dihydrate

3 Trihydrate

4 Tetrahydrate

5 Pentahydrate
12 Dodecahydrate
Uneven amount Non-stoichiometric hydrate

Variable amount Variable hydrate
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Figure 1.10 Schematic representation of potential interconversions between polymorphic
and hydrated forms and melt upon changing temperature (AT) and/or relative humidity
(ArH). Pathways depend on conditions.

H +Hy,0 H oH Figure1.11 Acetaldehyde, a geminal diol - an
O:IQ organic compound “containing” water.
HOX

vial exposed to saturated salt solutions [70]. This setup enables quantification
of water take-up (sorption) or loss (desorption) by gravimetry of larger (100 mg
to g) quantities of material. Analytical characterization of the physico-chemical
nature by solid-state analytical techniques such as XRPD, DSC, TGA, and the like
as well as by chemical analytical methods such as HPLC prior and after storage
is recommended. Hygroscopicity classification schemes are reported in [69]. The
scheme of the European Pharmacopeia classifies percent (w/w) water uptake at
25°C and 80% relative humidity (RH)

e 0-0.12% (w/w) as non-hygroscopic
o 0.2-2% (w/w) as slightly hygroscopic

e 2-15% (w/w) as moderately hygroscopic
e >15% (w/w) as very hygroscopic

Determination of stability information to be submitted in registration appli-
cations is documented in the ICH Q1A (R2) guideline “Stability Testing of New
Drug Substances and Products” [71]. For chemical and pharmaceutical process
purposes, the characterization of hydrates in suspensions of organic solvents with
water (binary or ternary mixtures) with specified water activity is recommended
[72, 73]. For further and detailed description of terms and relations, the chapter
“Hygroscopicity and Hydrates in Pharmaceutical Solids” in [22] is recommended
reading.

Eventually, the solid that incorporates a solvent may have various natures. It
may be a neutral form, a salt, a cocrystal, or combinations thereof. Consequently,
numerous variations of compounds may be formed. It appears to be a science on its
own to classify and name such compounds accordingly [74].
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(a) (b) (c)

Figure 1.12 (a) Dispersed primary particles, (b) aggregates, and (c) agglomerates.

1.1.8.7 Dispersed Primary Particles, Aggregates, and Agglomerates

Crystals distributed as isolated primary particles in a suspension form a dispersion,
i.e. a phase that is equally distributed in another phase. Due to attractive forces,
the individual crystals may find each other and stick together and eventually form
bigger particles constituted by the smaller ones. Depending on the attractive forces
and the nature of bridges formed, aggregates and agglomerates may be distinguished
as secondary particles (see Figure 1.12). While in aggregates (from latin aggregare,
“group, attach”), multiple particles are connected by physical interaction or adhe-
sion, agglomerates (from latin agglomerare, “mass together, join forces”) are formed
by multiple particles that are grown, sintered, or melted together, and thus form
new or bigger particles that cannot be easily separated into the original constituents.
However, in literature the two terms are often used interchangeably.

Aggregates may easily separate during post-crystallization procedures like fil-
tration, washing, or application of tiny mechanical forces processing into primary
particles, whereas agglomerates are more stable against size reduction. However,
mechanical forces may cause formation of smaller particles by attrition or breakage
of the agglomerates.

1.1.8.8 Particle Size and Particle Size Distribution (PSD)

Particle size considers individual particles with respect to length, width, and height
or the volume as the product of these three measures as well as the morphology.
Properties of these individual particles are homogeneity, stability against breakage,
solubility, and dissolution rate.

Particle size distribution (PSD) considers a collective of particles, namely, their
amount, distribution (with respect to size and mass), volume (e.g. tapped volume),
and surface. Collective properties are separability, miscibility, tendency for agglo-
meration or aggregation, flowability, tapped density, and bulk density.

1.1.9 Investigating and Understanding the Polymorphic Landscape

Defining the objective at the beginning is one of the most important advices to fol-
low in project management. Project goals may be formulated, e.g. according to the
S.M.A.R.T. principles, i.e.

e specific
e measurable
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e achievable
e relevant
e time bound

Easier said than done when it comes to the solid form. Assuming the intention
is to administer the medication as a solid dosage form, e.g. as a tablet or as capsule,
then probably the desired dose range can be estimated and the desired range for
particle size can be specified, at least to a certain level. However, the number of iso-
latable polymorphic forms, potential solvates, types of salts, or cocrystals that can be
achieved along with the particular properties relevant for successful drug develop-
ment are unpredictable based only on the molecular structure. The timeframe for the
project can certainly be set by management. Unfortunately, this may not be enough
time to explore the polymorphic landscape with all its valleys, mountains, bright
plains, and dark rivers. Every solid form project has its peculiarities. Every single
compound behaves differently. Therefore, approaches to explore the landscape must
be defined. Yet, the number of potential parameters to set for screening studies, like
temperatures, pressures, solvents, methods for preparation, mixing, additives, and
so forth, constitutes a really big experimental space. Reduction to practice neces-
sarily decreases the number of experiments to an affordable and executable subset.
However, the selection made depends on individual expertise and experiences of the
operator(s) and the limits set by regulations and the institution the team works for.

These investigations yield, under the selected conditions, materials that have spe-
cific properties. This determines the first aspect of discovering the polymorphic land-
scape, the formation routes and their parameters lead to a smaller or bigger zoo of
new compounds, i.e. polymorphs, solvates, salts, and the like. When determining
the properties of compounds formed, a part of the investigation is aiming to iden-
tify the chemical and physical stability. The latter refers to potential transformation
pathways and interrelationships, i.e. phase transitions, between polymorphic forms
including solvation and desolvation.

A summary of all the findings or “polymorphic landscape” collected for a
compound over time supports future development, manufacturing, and evaluation
of next-generation products. It guides further optimization of synthesis, crystal-
lization, and downstream processing, as well as formulation efforts with respect to
operational space.

An example for a polymorphic landscape is given based on a paper on a methanol
solvate of thiamine hydrochloride [75]. This may not reflect all possible poly-
morphic forms and solvates; however, the abstract of the paper mentions that
thiamine hydrochloride (THCI) forms a monomethanolate (MM) upon exposure
of crystalline thiamine phases (thiamine hydrochloride hemihydrate/HH, nonsto-
ichiometric hydrate/NSH, and anhydrate/AH) to anhydrous methanol (solvent
and vapor). Also, desolvation of MM at 50—80 °C resulted in the formation of a
poorly crystalline intermediate which crystallized to AH at elevated temperatures
(>150°C). When exposed to water vapor (11-75% RH, RT), MM transformed
to HH (NSH was detected at <40% RH), while exposure to polar solvent vapor
resulted in direct formation of AH. MM was stable in the presence of nonpolar
(benzene and hexane) solvent vapor [...] [75]. Hence, the abstract can be visualized
as “polymorphic landscape” in a diagram (Figure 1.13).
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Figure 1.13 Polymorphic landscape derived from experimental findings. MM,
mono-methanolate; AH, anhydrate; HH, hemi-hydrate; NSH, non-stoichiometric hydrate; Im,
intermediate form; MeOH, methanol; rH, relative humidity.

1.1.10 Performing the Crystallization

The rational starting point for every crystallization (process) is the understanding of
the solubility profile of the compound that shall be isolated [76-78]. In addition, it
is advisable to know the accompanying impurities and their solubility profiles, too.
It is worth to mention that the impurity profile can vary depending on the selected
synthesis route [24].

In pharmaceutical industry, crystallization is predominantly conducted from solu-
tion. Reasons for this is that the organic synthesis is typically performed in solution
and the reaction product can readily be crystallized from the system. Crystallization
from the melt might be an option if the compound has sufficient thermal stability.
Crucial for the selection of the crystallization method from solution (evaporative,
cooling, anti-solvent, pH shift, or a combination thereof) is the solubility curve of
the compound and the meta-stable zone width (MSZW). Once these data are deter-
mined and available for the selected compound-solvent system, the crystallization
behavior can be investigated.

The MSZW determines the conditions under which the compound can remain in
a supersaturated solution without spontaneous nucleation. The meta-stable zone
is typically the range of conditions under which seed material (dry or in suspen-
sion) is added to initiate controlled crystallization. The seed has to be thoroughly
characterized and selected with respect to polymorphic form, morphology, PSD,
and amount. In general, it is recommended to perform crystallizations with seeding
because this allows better reproducibility and control of PSD, yield, and crystalline
form of the product.

As supersaturation is the driving force for crystallization, the process conditions
have to be adjusted accordingly over time as by formation of the solid material, the
supersaturation decreases. Typically, process conditions like mixing, temperature,
anti-solvent addition, or vacuum are governed so that the growth of the particles is
according to the desired crystalline form, morphology, PSD, and impurity profile.
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Inclusion of impurities (residual solvent, by-products, reagents) into the product is
usually not desired.

In addition to textbooks [32, 33, 35], further viable sources for an introduction into
the basics of detailed investigation of solubility profiles and approaches for sophisti-
cated industrial crystallization process optimization is presented on the websites of
suppliers, like Technobis crystallization systems (www.crystallizationsystems.com)
or Mettler Toledo Autochem (www.mt.com).

1.1.11 Objectives for the Optimization of Crystallization Processes
and Solid-State Properties

There are various reasons to spent time and resources during development and
manufacturing on the optimization of crystallization processes and solid-state
properties.

Of particular importance is that the synthesis route and related conditions like
process parameters and chemicals may change during the lifespan of a compound
and its way of production. Consequently, any change may have an effect on the
resulting solid form. This lesson is taught in reports about “Concomitant” [79], “Dis-
appearing”, “Reappearing” [25-27, 80], or “late appearing” [81] polymorphs. Joel
Bernstein has summarized this insight with “...the polymorph obtained, or the poly-
morphic mixture obtained, depends on the synthetic route to the desired material. It
is probably more correct to state that as usual, the polymorph or polymorphic mix-
ture depends on the crystallization conditions, and these will clearly differ in the
solvent/reagent/product compositions resulting from different synthetic conditions
and routes” [24].

Synthesis routes typically change from early R&D, over chemical, process, and
pharmaceutical development until DS and dosage form manufacturing, in general
caused by optimization attempts. It is of utmost importance to understand that all
these efforts have to take in count and consequently require surveillance and control
of the resulting solid polymorphic form and its properties. Considerable impact may
have all steps that define or deal with the solid form, including, but not limited to,
crystallization, separation, drying, storing, formulating, transporting, and packaging
along with parameters and conditions of those processes. In addition, transforma-
tion, like scale-up, technological transfer to or from Contract Research Organiza-
tions (CRO) and Contract Development and Manufacturing Organizations (CDMO),
even in-house transfer to other production sites or manufacturing equipment,
should be accompanied by solid-state expertise and responsible risk management.

1.1.12 Implementation of In Silico and Simulation Techniques

One appropriate mean to support risk management is consulting in silico techniques
that simulate the physical or chemical behavior of a reaction system or process.
Simulation is based on mathematical models and therefore the fields of applications,
efficiency, and limitations depend on the information about the reaction or process
that is available and can be drilled down to descriptive equations and numbers.
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Figure 1.14 Various applications for simulation of chemical and pharmaceutical unit
operations. Source: Courtesy of aixProcess GmbH, Aachen, Germany.

Knowledge about computational methods addressing pharmaceutically relevant
topics for solid-state applications like crystal structure prediction, solubility pre-
diction, and formulation design in industrial contexts was collected by Abramov in
2016 [82].

Fortunately, engineering aspects are well addressed by simulation, too. Simulation
is applicable for many unit operations and in the world of chemical and pharmaceu-
tical sciences (Figure 1.14). The basic principles as well as the evolving capabilities
due to development in underlying theories, algorithms, and increasing availability
of computational power are well reported [83-87].

It is worth noting that engineers and chemists typically have different educational
backgrounds and probably as a consequence different perspectives to address and
look at processes. Both may think in formulas. Yet the understanding and viewpoint
are different. While an engineer primarily visualizes his process understanding
in “mathematical formulas” and flow diagrams, the chemist illustrates processes
with “molecular formulas” and chemical reactions thereof. The use of simulation
packages to describe and understand processes is a helpful mean to bring the
worlds together and illustrate engineering and chemical aspects to simplify mutual
communication.

Theories about, e.g. fluid dynamics, mechanical, material, and thermal properties
are readily available through databases and simulation software packages for various
engineering tasks.

Consequently, basic information packages from laboratory scale experiments
along with easily accessible geometrical information of equipment for scale-up
or manufacturing can be fed into models. The subsequent insights enhance
understanding of the underlying situation and potential challenges as well do
they simplify communication according to the proverb “a picture says more than a
thousand words” (see Figure 1.15).

Very often mixing is identified as critical process parameter (CPP) for crystalliza-
tion processes. Affecting process parameters like dosing rates, locations for addition,
order of addition, filling volumes, temperature profiles, propeller geometries, and
related properties like power number and shear rates are quite often just estimated
based on experiences or simple assumptions. On a higher level, crystallization
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Particle temperature (K)

293 300 307 314 322 329 336 343

Figure 1.15 Calculated temperature distribution after seeding in a cooled mixed vessel in
100 L scale. Source: Courtesy of aixProcess GmbH, Aachen, Germany.

can be described by nucleation and growth kinetics and chemical reactions by
reaction kinetics. Introducing such information into the simulation models require
more efforts but could then lead to additional insights on the evolution of PSDs or
by-product formation or decomposition.

Upon scale-up or site transfer, not all conditions and properties from the original
(e.g. lab scale or CRO) equipment can be kept constant. Decisions, naturally sup-
ported by a risk assessment, must be taken.

As an example may serve the in silico investigation of a stirred vessel and a look at
the calculated temperature distribution (compare Figure 1.15). Due to specific mix-
ing properties of the equipment under consideration, stagnant zones evolve during
mixing. Therefore, some regions are exposed somewhat longer to the cooled wall
of the vessel. Consequently, this leads to cold spots (or zones) where unintended
spontaneous nucleation of a supersaturated solution may happen well before the
temperature probe that is located in another zone, that might probably better mixed,
indicates that the temperature elaborated for seeding in lab experiments is reached.
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In analogy, for chemical reactions this may be transferred to a heated vessel, where
hot spots evolve inducing accelerated decomposition related with an undesired (and
certainly unexpected) out-of-specification purity profile.

According to quality by design (QbD) principles, implementation of simulation
approaches supports multidimensional exploration of the design space. This
comprises rational process design and understanding of processes and equipment
parameters. Identification of CPP combined with application of scale-up principles
may serve to minimize, e.g. batch-to-batch variations and enhance overall process
and product quality.

Simulation-related engineering efforts may be overcompensated by reduced
costs for less chemicals, reagents, energy, re-working, disposal of failed attempts,
as well as avoiding selection of unsuitable equipment and the like. In addition,
mechanical forces can be derived from the calculations that may point to material
stress or enhanced exposition to corrosion. This information may support preven-
tive maintenance of manufacturing equipment. Many industries like automotive,
aerospace, and chemical industry established the opportunity for more efficient and
rapid development as well as optimization of manufacturing processes provided by
simulation techniques. As part of a rational and properly coordinated development
and manufacturing strategy, simulation techniques make sense to be implemented
responsibly also into pharmaceutical R&D and manufacturing.

As such, surveillance of processes as well as continuous improvement and opera-
tional excellence is feasible. Besides data and information acquisition and interpreta-
tion by enhanced statistical interpretation through ML techniques or Al approaches,
physical modeling by means of simulation brings additional efforts and insights.

As an entry point to overcome hesitations, often the application of simulation tech-
niques as a “firefighting” tool is used in critical projects. This is an appropriate and
suitable approach to learn about the opportunities before implementing simulation
as part of strategy and daily business.

1.1.13 Saving the Investment - Addressing Intellectual Property
Rights

Eventually, all measures can be drilled down to enhance profit or safety. However,
approaching those final objectives, several intermediate targets can be accessed by
investigating the crystallization process or the solid-state landscape.

As there are

increasing yield

reducing initial amounts of materials

increase energy efficiency (e.g. heating, cooling, and drying routines)

reduce potential threads for people and environment (e.g. avoid dust by larger par-
ticles)

reduce reaction and overall processing times

o identification and control of CPPs for chemical and pharmaceutical operations

o improve purity, reduce amount of by-products

35



36

1 Aspects for Developing and Processing Solid Forms

o understand the affect of synthesis routes, different impurity profiles, and the fate
of impurities on resulting solid forms and morphology
understand the impact of morphology (flowability, filterability, compatibility)
optimize isolation steps (filtration, centrifugation), consider morphology
increase washing efficiency (e.g. reduce solvents or repetitions)
optimize drying (e.g. reduce time or energy, target desired polymorphic form)
understand impact of process conditions and routines
o enhance physical or chemical stability
o understand impact of
m light
m humidity or moisture
m temperature
m mechanical forces (e.g. pressure, shear forces)
o prevent alteration of solid form
o optimize storage conditions and packaging
o enhance shelf live

O O O O o

Besides understanding and gaining control of technical aspects of solid form
properties and processing, the other important aspect to invest into solid-state
activities is an additional chance to protect IP rights. Particularly, the pharmaceu-
tical industry invests huge amounts of money into R&D and commercialization.
However, there is high risk to not get a return on investment for many projects.
Therefore, successful projects, i.e. those where eventually a medication reaches
the patient, have to cover also the investments of the failed attempts. A system,
worldwide established to protect IP rights, i.e. preventing others from exploiting
efforts invested into R&D and commercialization, is the international patent
system (PCT). It is recommended to educate (solid-state) scientist with the basics
of the patent system. A starting point may be training on proper documentation
and communication of experiments and results. Building close relationships and
establishing cooperation in interdisciplinary teams, including scientists and patent
attorneys, enhance mutual understanding for limitations, requirements, and
challenges. Furthermore, it encourages innovation, which starts with an idea but
takes a long way until market decides on failure or success of a product.

1.1.14 Concluding Remarks

As with all attempts to describe a complex matter, this chapter has been able to
address only some of the topics that are relevant in the context of solid form devel-
opment and processing, foremost in the pharmaceutical industry. It is of utmost
importance to understand that properties and behavior of all types of solid materi-
als, notjust API, require attention along the development and manufacturing chains.
Knowing and controlling the particularities of solid materials is an essential asset for
all stakeholders, regardless of dealing with scientific, technical, or business aspects.

Risk-based management should include timely investment in solid-state activities
and foster an appropriate work environment and infrastructure to avoid huge time
lagging and money-intensive efforts to resolve problematic situations and ensure



List of Abbreviations

undisturbed marketization of DSs and DPs. Besides ensuring proper and timely
technical development, the protection of IP rights and eventually the freedom to
operate is a must and convincing aspect to invest into solid-state-related activities.

List of Abbreviations

(A)NDA
API

bn
CRO
CDMO
CPP
DP

DS
DSC
DVS
eCTD
ELN
ERP
HMI
HPLC
1B

ICH

ICIQ
1P

IR
LC-MS
LEA
LIMS
MSZW
NMR
PCT
PDF
PLC
PLS
PSD
QA
QbD
R&D
rH
SCADA
SCXRD
ssNMR

abbreviated new drug application

active pharmaceutical ingredient (used as synonym for DS)
billion (10°)

Contract Research Organizations

Contract Development and Manufacturing Organizations
critical process parameter

drug product

drug substance

differential scanning calorimetry

dynamic vapor sorption

electronic Common Technical Document

electronic laboratory notebook

enterprise resource planning

human-machine interface

high-performance liquid chromatography

investigators brochure

International Council for Harmonisation (of Technical Requirements
for Pharmaceuticals for Human Use)

Institut Catald d’Investigacié Quimica

intellectual property

infrared spectroscopy

liquid chromatography coupled with mass spectroscopy
lab execution and analysis system

lab information system

meta-stable zone width

nuclear magnetic spectroscopy

patent cooperation treaty (international patent system)
pair distribution function

programmable logic controller

Prozessleitsystem, i.e. distributed control systems (DCS)
particle size distribution

quality assurance

quality by design

research & development

relative humidity

supervisory control and data acquisition

single-crystal X-ray diffraction

solid-state nuclear magnetic resonance spectroscopy
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T

temperature

TGA thermogravimetric analysis
XRPD X-ray powder diffraction
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2.1 Why Is it Important to Search for Relevant
Information Before Starting a Solid-State Project?

It is important to understand the current state of knowledge before embarking on
a solid-state project for several reasons. Mainly, you do not want to spend valuable
time, effort, and resources repeating the work someone has already completed or
repeat their mistakes. There may be aspects of your project that have been previously
studied, or there may be patents that limit what you can commercialize. Examples
include the following:

(a) What is an acceptable upper limit of salt former in oral formulations? [1]

(b) What are the effects of the acidity of the counterion on the solubility and perfor-
mance of pharmaceutical salts? [2]

(c) What are some of the challenges in characterizing salts and cocrystal forms? [3]

(d) What are the challenges in accurately measuring and interpreting the solubility
of pharmaceutical salt forms in buffers and simulated intestinal fluids? [4]

The typical process before starting a research project is as follows:

1. Identify problem or challenge

2. Develop and execute a knowledge gathering process

3. Understand what is still left unaddressed or not fully addressed
4. Begin research

In this chapter, we will focus on the second point, the knowledge gathering pro-
cess. The first step many researchers take is to reach out to colleagues who may have
experience working on similar projects to help you create a development strategy for
your project. If the compound has previously been within your institution, your col-
league can help provide you with information about the challenges associated with
the compound (e.g. solvent compatibility, solubility in various solvents, and man-
ufacturing procedures). If working in an established laboratory, in-house protocols
can be a great place to get the project off the ground, determine some of the internal

Solid State Development and Processing of Pharmaceutical Molecules: Salts, Cocrystals, and Polymorphism,
First Edition. Edited by Michael Gruss.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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expertise and capabilities, and identify parts of the project that may need external
expertise for completion.

These are just some of the first places to begin the knowledge gathering process
and they can always be supplemented with a robust search strategy to ensure the
most up-to-date information is driving the development work. By performing a
robust search, you can identify areas that present a challenge to solid-state develop-
ment projects, gain insights into approaches others have taken to solve complicated
issues, and determine whether your project has the potential to generate intellectual
property rights. A robust search can also help you identify the experts in the field
that you can contact if your team requires additional expertise.

If your project is going to be the targeting markets around the world, the team
needs to understand the regulatory perspective on what is considered the “same”
compound both from an innovator perspective as well as a generic product perspec-
tive. Looking at the regulations from the Food and Drug Administration (FDA) and
European Medicines Agency (EMA), the regulations are generally the same with
some nuanced differences. According to FDA guidance, “same as” means identical
“active ingredient(s)” when compared to a reference listed drug (RLD). A different
polymorphic form of a compound is not considered to be a different active; however,
there is a need to show that the drug product has similar stability and bioavailability
to the RLD [5]. According to a FDA guidance released in February 2018, cocrys-
tals are considered to be a polymorph of the active pharmaceutical ingredient (API),
meaning a cocrystal form is not considered to be a new API. This is in contrast to the
current US regulations pertaining to different salt forms of the same active which are
considered to be different APIs [6]. According to EMA regulations, oral administra-
tion of different salts, polymorphs, cocrystals, hydrates, or solvates of an API is not
considered to be a new active substance, unless there is data to demonstrate that the
new form differs from the RLD in terms of safety and efficacy [7]. The idea of “same
as” seems simple enough; yet, the slightly different points of view on the solid state
of the API by the FDA and EMA highlight the complexity and importance of getting
this right. Table 2.1 summarizes the current viewpoints of the FDA and EMA when it
comes to different solid-state forms. For example, a new polymorph of a compound
can be marketed as a generic version for an RLD once the material patent has expired
even though the currently approved drug product uses a polymorph which still has
patent protection [8]. These considerations have regulatory implications; however,
many of these solid-state nuances have intellectual property implications as well.

Table 2.1 Are different solid states considered to be the “same” by regulatory authorities?

FDA EMA
Cocrystals Same Same
Salt forms Different Same
Polymorphs Same Same
Hydrates and solvates Same Same

Source: © John Wiley & Sons, Inc.



2.2 Where to Begin a Literature Search for a Solid-State Project?

When developing the solid-state form of a new chemical entity (NCE), it is impor-
tant to understand the patent and intellectual property aspects as they relate to the
material and solid-state patents of the APL.

1. How to prepare a comprehensive patent application centered around the solid
state of the API [9].

2. Precedent set by previous litigation involving material patents and solid-state
patents and learn from successful and unsuccessful intellectual property chal-
lenges [10].

3. Strategies that competitors may use to circumvent solid-state patents such as fil-
ing a 505(b) [2] application instead of an ANDA [11]. A good understanding of
the intellectual property landscape can help guide your early development work
to ensure the appropriate data are collected to support claims that can improve
the patent protection of your novel compound [10].

4. Ifyouare a generic company trying to enter the market of a drug that has an expir-
ing material patent but an active solid state or polymorph patent, it is important to
understand the types of patent claims that have been challenged. As an example,
Celgene and Dr. Reddy’s have a legal dispute concerning whether an amorphous
form of lenalidomide developed by Dr. Reddy’s infringes Celgene’s patents on
different polymorphs of lenalidomide [12]. With the appropriate experience and
knowledge, generic companies can identify patent applications that have weak
or no data to support a patent’s innovation claims and have a higher chance of
getting approval of their generic product for an earlier entry into the generic mar-
ket [10].

2.2 Where to Begin a Literature Search for a Solid-State
Project?

The project should have a clear objective with specific actions and procedures to
help track the progress of the work. The project and the search strategy need to begin
with a clear objective and a thorough understanding of the steps and procedures that
need to be completed. For example, you need to gather information about synthesis
and manufacturing procedures, analytical techniques to identify polymorphs, poly-
morphic landscape in drug development, market data, formulation approaches for
the desired delivery route, or a regulatory perspective of various solid states in the
drug approval process. Each of these questions is related to any solid-state project in
some way and needs to be addressed. Answering all these questions can be a complex
process that one person may have difficulty completing on their own. Instead, a mul-
tifunctional team comprising of a mixture of chemists, analytical experts, product
development scientists, marketing specialists, regulatory specialists, and intellec-
tual property specialists is recommended to develop a comprehensive evaluation of
the project’s potential. Each can focus on answering the questions related to their
individual area of expertise while learning from their colleagues the parallel consid-
erations involved in completing a successful solid-state project.
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To determine the current state of the art in a given field, a literature and patent
search using several reputable databases can serve as a foundation of knowledge to
get a project off the ground. To gather the necessary information, it is crucial to have
a detailed search strategy in place which can include the following steps:

o Develop a research question
o Develop a search strategy

e Run the search

o Refine the search

e Analyze the hits and draw conclusions

Developing the question that is asked can have a large effect on the results that
are obtained. The broader the question, the more likely it is to yield many results
that are not relevant to the issue you are trying to overcome. If the question is too
narrow, only a limited number of results will be returned which limits the ability to
properly evaluate the scope of the project. The motivation of the patent and litera-
ture search (e.g. determine the current state of the art, landscape report, freedom to
operate analysis, and data needed to support patent filing) can help guide the search
strategy and determine the resources required for the search.

2.2.1 Literature Search

A thorough literature search can provide a foundation for the beginning of a
solid-state project. Reading recently published papers is the best way to get infor-
mation on the latest research and state of the art. A literature search can begin by
using a database such as PubMed, Europe PMC, Google Scholar, Scopus, SciFinder,
Web of Science, and others. There are many similarities between the literature
databases, but they differ in terms of the journals that they cover and the method
that they use to index publications. Simply having a greater number of titles covered
does not mean that you will get better results. The focus should be on quality and if
the database covers the relevant journals of interest.

Another option is to directly search the websites of publishers such as American
Chemical Society, SpringerNature, Wiley Online Library, Elsevier (ScienceDirect’),
and others. This is a good approach if there are prominent journals in the scientific
field such as Crystal Growth and Design or Organic Process Research and Develop-
ment. PubMed and Google Scholar search a wide range of journals and publish-
ers and return results for both subscription-based and open access journals with
the option to display only the open access content. Publishers like Elsevier (Sci-
enceDirect), Springer (SpringerLink®), and many others provide subscription-based
access to journals as well as individual article purchases. Several open access jour-
nals and publishers provide access to a subset of their content for free. PubMed
Central (https://www.ncbi.nlm.nih.gov/pmc) is a search database within PubMed
that focuses literature searches to journals and articles that are open access. Open
access journals cover many of the same topics and subject areas as those covered
in the subscription-based databases; however, they often have less articles in their
databases. For a comprehensive search, it is important to collect data from a variety
of journals and access content from both subscription and open access journals.


https://www.ncbi.nlm.nih.gov/pmc/

2.2 Where to Begin a Literature Search for a Solid-State Project?

2.2.1.1 Focusing Your Literature Search

When performing a search using these literature databases, how the search is per-
formed is just as important as the question or search terms used during the search.
Most databases allow for advanced searches that apply Boolean operators to help
customize a search to return the most relevant content. The three Boolean opera-
tors used by most search engines are AND, OR, and NOT. AND limits the search
to include results that contain all the terms used to run the search (Figure 2.1a).
The operator OR increases the number of results by returning text that containing
either one, or all the search terms connected with OR (Figure 2.1b). NOT excludes
search results that contain the specified phrase or term (Figure 2.1c) [13]. Further-
more, using parentheses in combination with the Boolean operators can help tailor
the search to the needs of a given project. Many search databases also allow you to
search specific fields such as the title, author, journal, date of publication, affiliation,
and others. This can be useful to help build a custom search that will only find the
documents of interest to you.

After the search results are returned, the databases allow for the filtering of the
data. For example, PubMed allows to filter the results based on the article type (clin-
ical trial, review, systematic review, etc.), availability (abstract, full text, free full
text), publication date, and species. It may be beneficial to order search results by
date of publication. The default setting on PubMed is to display results with the
chronologically most recent publications. The potential downside is that more rel-
evant publications may get buried within the results. It is recommended to order
the results both chronologically and by relevance. At the start of a search review-
ing the state of the art, it may be useful to search for recent review articles that can
provide a snapshot of the field. The reference list in review articles is an excellent
source to find related articles. As you have a better understanding of the field, you
can begin to focus the search and evaluate primary literature that is related to the
specific question you are trying to answer (research articles and clinical trials).

‘AND” — focus the search Results

1 AND 2 = 1

“OR” — expand the search
1 OR 2 =

“NOT” — narrow the search
1 NOT 2 =

Figure 2.1 Visual depiction of the search results that will be returned when using “AND,”
“OR,” and “NOT” to build a search string.
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Example: “Ibuprofen Solid-State Polymorphism” Literature Search ~ As an example, let
us say you wanted to consider starting a solid-state project looking at ibuprofen
polymorphism. You might begin by searching “ibuprofen,” “solid state,” and “poly-
morphism” in the PubMed Database. Table 2.2 shows a number of search results
that are retrieved when different search strategies were used during the prepara-
tion of this chapter (week of 8 July 2019). Based on how the search is entered in the
database using parentheses and the Boolean operators, vastly different numbers of
results are obtained.

A simple search of “ibuprofen solid-state polymorphism” leaves us with only seven
results which may or not contain the information you need to determine whether
to pursue this project. To broaden the search, entering “ibuprofen polymorphism”
into the database returns a plentiful but manageable 70 results. Upon examination
of the results, 43 results address the effects of genetic polymorphism, especially the
cytochrome P 450 (CYP450) family of metabolizing enzymes, on the pharmacokinet-
ics and utility of ibuprofen [14-19]. The search needs to be refined to exclude text
that refers to genetic polymorphism which was included in the search results due to
the use of similar terminology in a related field. To help focus the search toward the
original topic, careful use of parentheses and the use of “NOT” to exclude “CYP450”
and “Genetic” yield a manageable number of results. Searches #4 and #5 show how
to expand the search to incorporate ibuprofen solid state into the search strategy
without growing the results into the tens of thousands. Searches #7-9 show how a
sub-optimal search strategy can lead to an unreasonably high number of results that
likely have little to do with the initial question, the goals of the project, or the issues
you are trying to address with you project.

Table 2.2 PubMed search results when entering “ibuprofen solid state polymorphism” and
related searches into the PubMed database using various search strategies during the week
of 8 July 2019.

Search Query Items found
#1 Ibuprofen solid-state polymorphism 7
#2 Ibuprofen polymorphism 70
#3 ((Tbuprofen polymorphism) NOT CYP450) NOT genetic 27
#4 (Ibuprofen) AND (solid state OR polymorphism) 240
#5 ((Tbuprofen) AND (solid state OR polymorphism) NOT CYP450) NOT 196

genetic

#6 (Ibuprofen OR solid state) AND polymorphism 1625
#7 ((Ibuprofen) OR solid state) OR polymorphism 503072
#8 (Ibuprofen and polymorphism) OR solid state 116956
#9 Solid state 116893
#10  Ibuprofen crystal structure 133

#11  Ibuprofen crystallization 505
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Searches #10 and #11 show how to optimize the search strategy by using different
but related terms such as “ibuprofen crystal structure” [20-24] or “ibuprofen crys-
tallization” [25-29] (some of the returned references for each search are cited as an
example of the returned results). This is just an example of the variables to consider
when conducting your search strategy.

When keeping a record of the search strategy, it is important to record the database,
the date of the search, the search terms used, how the search was input into the
data base, and any filters applied to the search results. This example highlights the
importance of keeping a record of the search strategy. Some benefits include:

. Avoid repeating searches and work

. Allowing someone to reproduce your search

. Being able to pick up where you left off

. Ensure the search was comprehensive

. Help you track innovation and identify newly published research

v A W N

2.2.2 Staying on Top of the Latest Publications

Keeping up with various journals and the latest publications can easily become over-
whelming. One strategy is to set aside dedicated time to search databases and jour-
nals. However, this is a time-consuming process and likely to spend time looking at
articles that are not of relevance. A better strategy would be to set alerts for new pub-
lications in journals or for searches. For PubMed, one can easily set up alerts for new
publications by clicking the “Create alert” button under the search bar. Many jour-
nals and publishers also email alerts for new articles, articles in Press, and the table of
contents of new issues. Embracing social media such as twitter is a useful way to find
latest articles as most publishers promote new publications via social media. Social
media also provides a platform to connect with peers. There are research specific
social media sites such as Academia.edu and ResearchGate designed for researchers
to share publications. However, these websites have faced litigation from publishers
for inappropriate sharing of articles that violate copyright agreements.

2.3 Patent Search

A literature search is only the beginning of a comprehensive search strategy with
a thorough patent search helping complete the evaluation of the state of the art.
Patents and patent applications are an excellent source of information that has not
been published in other forums with one study from the mid 1980s finding that
80% of information found in patents cannot be found anywhere else [30]. A thor-
ough patent search alongside a literature search therefore provides a more complete
picture of the state of art. A patent search also allows for the determination of the
probability your invention can be patented, identification of potential roadblocks
before you proceed with your product development, or provision of prior art to help
you challenge an existing patent.
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2.3.1 Types of Patent Reports

When evaluating patent literature, it is important to consider whether to evaluate
patent applications, granted patents, or both. Patent applications are published by
the patent office 18 months after their earliest filing date. The corresponding patents,
if granted, are published with the granted claim set. Patent applications are a good
source of information to reveal the direction of a specific technical field as they may
represent the cutting-edge advances in a given field. Granted patents provide infor-
mation regarding the type of technical advances considered to be truly innovative
and worthy of patent protection. A patent search can be conducted to support the
development of a patent landscape report (or a technology landscape report, together
with a literature search), a patent map, patent watch reports, a freedom-to-operate
report, and a prior art or validity report [31].

A patent landscape report is generated as an overview of the patenting activity and
trends in a given technical field. Generally, the report is generated to present com-
plex datain a simple manner to key decision makers. For industry applications, these
reports can drive strategic investment decisions, research and development direc-
tions, or competitor evaluations. Governments may use patent landscape reports to
help drive the creation of legislation and policy as it applies to a given technological
field. A patent landscape report can include different types of information depend-
ing on who is requesting and executing the report and can be expanded to include
literature searches, market analysis, patent review, and other data [31].

The patent map, often part of a patent landscape report, is a graphical repre-
sentation of patent data to help improve the interpretation of the data. A patent
watch or alert is a systematic process developed to monitor newly published
patent applications, track changes in the status of patent applications, or monitor
granted patents to stay up to date on the most recent innovations in a field. The
systematic patent watch can help you track the activity of key competitors and such
information can be used to help the leadership team plan the next steps for your
company [31].

Freedom to operate searches can be of great importance for a company before or
during a development project to ensure that their products do not infringe on any
valid granted patents. The search is focused on identifying active granted patents
related to the project at hand [31]. For solid-state projects, this could relate to the
current patents centered around the API that you want to use for the development
of a new product. It is critical to identify the status of the patent for the compound
(i.e. API) you want to develop. If the compound patent is still active, it will be nearly
impossible to launch a new product with the same compound until the patent has
expired as compound patents are difficult to challenge [8]. Once the status of the
compound patent has been determined, it is important to understand any secondary
solid-state, drug product, and process patents that have been granted to the innovator
or any third-party companies trying to enter the field once the compound patent
expires.

As an example, a Google Patents search for granted US patents for “crystal forms of
atorvastatin” returns 2700+ results with 10+ different assignees during the week of 8
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July 2019. As with the literature search, it is important to refine your patent search to
ensure patents that contain relevant information are returned. Scanning the results
shows that some of the patents only reference atorvastatin in the abstract or body of
the patent while discussing similar compounds or detailing novel applications. All
the results are not going to be relevant to the question that needs to be answered
which highlights the importance of refining the search strategy to obtain relevant
results.

2.3.2 Understanding the Elements of Patents

Patents reports that review hundreds, thousands, or more patents are constructed to
allow for the analysis of large sets of data into simple graphical or statistical repre-
sentations. The metadata used in the creation of such reports is often collected from
the front-page bibliographic data of a published patent or application. The meta-
data may include the following: applicant/assignee, inventor, dates, priority data,
classifications, and citations.

The applicant or assignee “is the entity or person which or who presents an appli-
cation for the grant of an industrial property right in an industrial property office,
or in whose name an agent files such an application” [31]. The applicant can be the
inventor, or the employer to whom the inventor assigned the rights of the inven-
tion. The applicant/assignee is the owner of the patent and controls the rights of the
invention described in the patent. The name of the applicant/assignee on a given
patent can change if the original applicant decides to sell the ownership rights to
their patent.

The inventor is someone “who is the author of an invention” and “has the right
to be mentioned as such in the patent” [31]. Unlike assignees, the inventor(s) listed
in a patent or a patent application are comprehensive and usually do not change
with time. Analysis of the inventors in a given field can provide a snapshot of the
experts in the field, identify collaborations among different groups, and identify the
companies or universities where the inventors work.

The dates that are important to consider and understand when evaluating
patent literature are the priority, filing, and publication dates. The priority date
is the earliest date to which a patent application can claim priority and largely
determines what materials are prior art to the patent application. The filing date
is determined by the patenting authority when certain requirements are met by
the applicant. In certain cases, the priority date and the filing date can be the
same date. The publication date is the date the patent application is made public.
As stated before, this is most often 18 months after the priority date of the patent
application.

The priority data are a set of three key pieces of information published on the
first page of a patent document and includes the application number for the pri-
ority application, the priority filing date, and the country or organization where
the earlier application was filed. The priority data can be used to identify a patent
family or a group of patents for the same invention with filing in multiple coun-
tries/jurisdictions [31].
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2.3.3 Patent Classification

Patents and patent applications are classified using a unique system that allows for
categorizing patents into multiple groups based on their technical field. The Coop-
erative Patent Classification (CPC) and the International Patent Classification (IPC)
are two examples of widely used patent classification systems, while there are other
systems used by the various patent offices around the world [32, 33]. The IPC sys-
tem is used by most jurisdictions around the world, including the World Intellectual
Property Organization (WIPO). The IPC is regularly updated to include new clas-
sifications and sub-divisions as new technologies emerge [32]. Although the IPC
is used around the world, there have been a few other classification systems that
have gained popularity over the years. In 2010, the US Patent and Trademark Office
(USPTO) and the European Patent Office (EPO) announced a joint agreement to
work together to create a patent classification system shared by both offices and can
be applied by any other patent office around the world. From this initiative, the CPC
system was created. The CPC is designed to be comparable to the IPC classification
system and a guide for the conversion of CPC codes to IPC codes can be found on
the USPTO website (https://www.uspto.gov/web/patents/classification). The CPC
codes are composed of a code of letters and numbers. More details about the struc-
ture of the CPC along with examples are provided below (Tables 2.3-2.5).

The section, class, subclass, main group, and sub-group of a patent can be easily
determined by dissecting a single classification code [33]. The major sections of the
CPC are listed in Table 2.3 [34]. For example, all classification codes that begin with
the letter “A” describe patent that are in some way related to human necessities. Most
applications pertaining to pharmaceuticals and the solid state of organic molecules
will be classified under CPC section C (chemistry), class CO7(organic chemistry)
with the structure of the compound further described by the various subclasses,
groups, and subgroups.

Table 2.3 CPC section codes.

CPC sections Meaning

Human necessities

Performing operations; transporting

Chemistry; metallurgy

Textiles; paper

Fixed constructions

Mechanical engineering; lighting; heating; weapons; blasting

Physics

T Q1| g aow

Electricity

=<

General tagging of new technological developments

Source: Adapted from European Patent Office [13].


https://www.uspto.gov/web/patents/classification/

2.3 Patent Search

A sampling of the common subclassifications that may be used to categorize
patents that contain solid-state information is listed in Table 2.4. Patents classified
in subclass A61K relate to a “preparation for medical, dental, or toilet purposes,”
as it relates to pharmaceutical products, this classification is often used for patents
that describe the formulation used in creating the dosage form of a compound.
Patents with this subclass classification may contain information relating to the
polymorphic form used for the development of various tablets, capsules, solutions,
and other dosage forms. It is worth noting that the CPC has a designated section
under subclass C07B (general methods in organic chemistry) to classify patents that
describe the physical-chemical properties of organic compounds.

Table 2.5 lists certain physical-chemical properties and the corresponding CPC
codes. The CPC code C07B 2200/13 classifies patents describing the crystal form

Table 2.4 The most common CPC subclasses that may be used to categorize
pharmaceutical patents containing solid-state information.

CPC subclass Meaning

A61K Preparations for medical, dental, or toilet purposes

A61P Specific therapeutic activity of chemical compounds or medical preparations

C07B General methods in organic chemistry

co7C Acyclic or carboxylic compounds

Co7D Heterocyclic compounds

CO7F Acyclic, carboxylic, or heterocyclic compounds containing elements other
than C, H, Halogens, O, N, S, Se, Te

Co7G Compounds of unknown constitution

CO7H Sugars, nucleosides, nucleotides, nucleic acids

Co7J Steroids

CO7K Peptides

Table 2.5 Physical-chemical properties indexed by the CPC system.

CPC codes for
indexed properties Meaning

CO07B 2200/00 Indexing scheme relating to specific properties of organic compounds
CO07B 2200/01 Charge-transfer complexes

C07B 2200/03 Free radicals

C07B 2200/05 Isotopically modified compounds

C07B 2200/07 Optical isomers

C07B 2200/09 Geometrical isomers

C07B 2200/011 Compounds covalently bound to a solid support

CO07B 2200/013 Crystalline forms (polymorphs)
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(e.g. polymorph) of a compound. However, every patent that has information about
the crystal form of a molecule will not necessarily be classified under CPC code
C07B2200/13. Some patents describe a systematic approach to polymorph screening,
the manufacturing processes used to generate the API, the creation of the dosage
form, or other related processes. In all the cases, the patents may claim the spe-
cific polymorphic forms that were observed, discovered, or used in the applications
claimed by the authors. A complete listing of the CPC code classifications can be
found on the USPTO website under the patent classification section [35].

A single patent may have only one classification or 30+ classifications depend-
ing on the number and nature of the patent claims. When conducting a patent
landscape report, classification codes can be used to help narrow the search to
return only patents related to a specific technology or application. Alternatively, if
there are related classifications, they can be used to expand your search to include
more patent data. US patent 7488750B2 for crystal forms of atorvastatin has two
classifications: C07D207/34, A61K31/40 [36, 37]. The code C07D207/34 can be
broken down to provide information about the section, class, subclass, group, and
subgroup relating to the nature of the patent. The section for this classification is
C for chemistry. The class C07 indicates organic chemistry and subclass CO7D for
heterocyclic compounds. The additional numbers 207/34 assign a main group (207)
and sub-group [34]. The entire CPC code describes the chemistry of compounds in
this classification as follows: “Heterocyclic compounds containing five-membered
rings not condensed with other rings, with one nitrogen atom as the only ring
hetero atom with only hydrogen or carbon atoms directly attached to the ring
nitrogen atom having two double bonds between ring members or between ring
members and non-ring members with heteroatoms or with carbon atoms having
three bonds to hetero atoms, with at the most one bond to halogen, e.g. ester or
nitrile radicals, directly attached to ring carbon atoms.” The code C07D207/34 is
not limited strictly to atorvastatin but can describe any number of compounds with
a variety of applications, both pharmaceutical and non-pharmaceutical, that meet
the chemical description provided by the code.

2.3.4 Patent Databases

The following is a list of some of the countries that provide a searchable patent
database to the public: Australia, Canada, China, Denmark, Finland, Germany,
Great Britain, India, Israel, Japan, Netherlands, Norway, Sweden, Switzerland,
Taiwan, United States, and others. To increase access of the patents to a wider
audience, many of the databases provide machine generated translations for the
patents in their library. Searching the website of individual countries, patent offices
may be too time consuming and miss valuable information from other patent
offices. Several free patent databases that search patent documents from multiple
countries are available to the public. These include Google Patents, Espacenet®
(EPO database), Patentscope® (WIPO database), and Lens.

Along with the free databases, several subscription-based patent databases and
search firms are available to help conduct a patent search and produce patent
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reports that meet the needs of the client, respectfully. The paid databases include
Derwent World Patents Index™ by Clarivate Analytics, Orbit Intelligence by
Questel, TotalPatent® by LexisNexis®, PatBase, and others. Numerous organizations
offer intellectual property services to clients. If the help of outside search firms is
required to complete your prior art or patent search, it is best to use a firm that has
experience in your technical field to help you craft and implement an appropriate
search strategy.

2.3.4.1 Free Patent Databases

To help gather large segments of patent data into one easily accessible platform,
several groups have developed open access databases for searching the patent data
from several patent authorities. Each of these databases contains a slightly different
number of patents, use different search tools, and have unique user interfaces. This
chapter will cover the following free patent databases: Google Patents, Espacenet,
Patentscope, and Lens [38]. There are other patent databases and tools; however,
these are easy to use, open to users across the globe, provide computer generated
patent translations for multiple languages, and provide user interfaces in multiple
languages. Although these tools draw their data from similar pools of patent data,
each provides users with unique features.

Google Patents The Google Patents search engine references more than 120 million
patents and applications with indexed full text documents from 22 different patent
offices around the world. US patent documents date back to 1790 while the WIPO
and European patent documents go back to 1978. If trying to conduct a comprehen-
sive search, Google Patents allows the inclusion of non-patent literature in the search
results by searching your search terms in the Google Scholar database. This can be
useful when trying to gather a quick overview of the patent and scholarly landscape.
If the patents were filed in a different language, the database provides machine gen-
erated translations of the patents, a feature seen with many patent offices around the
world [39].

When using Google Patents, the search can be conducted using the patent, publi-
cation or application number, CPC codes, free text, or metadata such as the inventor,
assignee, date, status, language, and country. The search engine supports the use of
Boolean operators to help narrow the search strategy. Sometimes, when searching
for a specific molecule, the search engine will return results for patents that claim
broad applications for many compounds, including your compound of interest.

During the week of 8 August 2019, searching “efavirenz form” using Google
Patents returned 5340 results. One of the results was for European patent
EP1632479B1 titled “Pharmaceutical compositions comprising CCR5 antagonizing
piperazine derivatives.” The patent describes the structure and utility of CCR5
antagonists in combination with other approved anti-retroviral products for the
treatment of HIV [40]. The patent contains both search terms, form and efavirenz,
within its text, but it has little relevance to the polymorphic forms of efavirenz.

To better focus the search results, you can refine the search terms, or limit the
inclusion of patents that contain your search term or terms in a specific section of
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Table 2.6 Different numbers of results obtained when using varying search strategies
using google patents during the week 8 July 2019.

Search Query Items found
#1 efavirenz form 5340

#2 (TI = efavirenz) (form) 63

#3 TI = efavirenz TI = form 9

#4 TI = efavirenz AB = form 29

#5 TI = efavirenz CL = form 46

the patent such as the title, abstract, or claims. Table 2.6 shows the number of results
obtained using alternate search strategies. It is important to ensure the appropriate
syntax is used when entering the terms of interest into the search bar. Google Patents
also allows for the use of a proximity function (how close two terms are within the
text) to improve the ranking order of the returned search results.

Espacenet Espacenet.com is an EPO website which enables a user to search a collec-
tion of patents from over 90 countries. The EPO maintains the site in the three offi-
cial languages: English, French, and German. Many other countries have adopted
Espacenet as the patent search engine for their county and provide access in the lan-
guage of their country (change the country on the home page to access this option).
Espacenet has three basic search types: smart, advanced, and classification [34].

The smart search is like the search bar found in Google Patents where it has a set
of default search parameters and allows for searching different patent field identi-
fiers. The Espacenet pocket guide provides a quick overview of the field identifiers
that can be used with the smart search feature. These include inventor (IN), appli-
cant (PA), title (TI), abstract (AB), priority number (PR), publication number (PN),
application number (AP), CPC, claims (CLAIMS), and others [34]. To use these with
the smart search, simply type the identifier, equal sign, followed by the search term
(as seen with Google Patents). Smart search is a good place to begin when looking
for a specific patent or beginning the patent search with the use of identifiers helping
focus the search [13, 34].

Advanced search is set up to allow for the search of numerous patent fields
as seen with the field identifiers that can be used in smart search; however, the
fields have their own individual search bars. This can help in the construction of a
specific search without the need to use the pocket guide to remember all the field
identifiers. The Espacenet advanced search tool allows for the selection of one of
four different databases: Worldwide - collection of published applications from
100+ countries (default); Worldwide EN - collection of published applications
in English; Worldwide FR - collection of published applications in French; and
Worldwide DE - collection of published applications in German. Outside of the
different languages in which the patents can be searched, the worldwide collection
from 100+ countries does not have the capacity to allow the user to search the
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full text for keywords as this function is limited to the language-specific databases.
Advanced search looks at patents by the following criteria: key words in the tile,
abstract, or full text (depending on the chosen database), numbers (publication,
application, or priority), the publication date, applicant or assignee, the inventor,
and CPC or IPC codes [34]. By applying multiple search parameters, a detailed
search that meets your needs can be created. This can be especially useful if trying
to evaluate the patent activity of a specific competitor over a specified time frame.

The last search tool on Espacenet is the classification search tool which allows the
user to search all the patents by their assigned classification code where a specific
section, class, subclass, main group, and sub-group can be searched. It is presented
as the scheme of the entire CPC classification system and allows the user to check
off different classifications to include in the search. This can be used to review the
recent patent publications in a specific technical field or area. Once the search results
are returned using the classification search tool, clicking “refine search” will take
you to the advanced search with the selected CPC codes populating the CPC search
bar [34]. This can help to limit the search by any of the previously mentioned crite-
ria for the advanced search. For a complete guide on the utility and capacity of the
Espacenet to build custom searches, please reference the resource book published
by the EPO [34].

Patentscope Patentscope is the patent database maintained by WIPO and allows for
users to search nearly 76 million [41] patent files from patent offices across the globe
[42]. The database allows for the user to search patents in the various filing lan-
guages contained in the database while providing a search interface in 10 languages
(Arabic, Chinese, English, French, German, Japanese, Korean, Portuguese, Russian,
and Spanish). Patentscope provides the user with five different search tools: simple
search, advanced search, field combination, cross lingual expansion, and chemical
compounds search.

The simple search is the default tool presented to the user when navigating to
the search tool. Here, one search bar is presented that allows the user to enter any
number of different search criteria to retrieve related patent documents. The simple
search allows the user to select eight different fields from a drop down manual
where the search term will be queried: front page, any field, full text, English
text, ID/number, IPC, names, and dates. As with previous databases, Patentscope
supports the use of Boolean operators, parentheses, and a few other features.
Patentscope also allows for the use of field codes with the simple search tool to build
a custom strategy. The field codes relate to applicants, dates, language, names, and
others. To use one of the field codes with the simple search tool, use the following
format: “code : term” (e.g. title- “T1: polymorphism”). A complete list of the variety
and the specific field codes can be found in the Patentscope user guide [42].

The advanced search is like simple search where it allows for the use of Boolean
operators and field codes to build custom searches, but it also allows the user to
select the language, the office where the patent was filed (if looking for a region
of the world), expansion of the search using related terms, and the ability to stem
the search terms. The stem option takes your original search term and searches
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for conjugated forms of the search term (e.g. “solid” will also include “solids” in
the results). The field combination tool, a modification of the advanced search,
allows the user a visual method to use the various field identifiers available where
multiple search bars with adjustable field identifiers are presented to the user to
help build a search strategy. The cross-lingual expansion has a similar interface
as the advanced search and allows the user to include patent documents that
were originally filed in a language different from the language used to run the
search [42].

The final search tool available through Patentscope is the chemical compounds
search which provides three methods to enter the compound of interest: compound
name (commercial name, IUPAC, SMILES, etc.), structure editor (draw the structure
of interest), or upload structure (MOL file, or image in PNG, GIF, TIFF, or JPEG).
The tool can search for patents with the exact structure entered with the “exact struc-
ture search”. The “substructure search” uses your in-put as a scaffold and identifies
compounds containing the structure but with different functional groups and sub-
stitutions. The substructure search can identify the research direction of chemically
related compounds [42, 43].

Lens.org Lens.org is an open source database that strives to provide a public tool
for the discovery of cutting edge scientific and technological innovations (www
Jlens.org). The website provides access to literature search and analysis tools,
patent search and analysis tools, PatCite, PatSeq, and QutIn4M influence tool.
The literature database (200+ million works referenced) currently draws its data
from PubMed, Crossref, Microsoft Academic, CORE (https://core.ac.uk),! and
PubMed Central and is likely to expand in the future. The patent data (117+
million patents) are sourced from the following: EPO bibliographic data from 1907
to present, EPO granted patents from 1980 to present, USPTO applications from
2001 to present, USPTO granted patents 1976 to present, USPTO Assignments,
WIPO patent applications from 1978 to present, and full text from IP Australia.
PatCite tool allows users to identify a relationship between specific literature and
patent applications. The QutIn4M influence tool allows for the identification of
institutions that contribute to innovations as determined by scholarly works cited in
patents [44]. PatSeq is a search tool for biologics-based researchers that helps users
search for the unique biological sequences found in patent literature. Along with
the search tools, users can create a free account to access several additional features:
search history, collections, notes, tags, and can save searches. These features can
help the user keep track of their work.

The literature search interface allows for a structured search and a query text
editor. The text editor simply allows the user to type free text connected via Boolean
operators. The structured search is the tool that can be used to build out targeted
searches by allowing the user to build the search by defining a field, publication
date, ORCID® ID,? identifier type, flags, and publication type. Multiple fields

1 Collection of the world’s open access research papers. https://core.ac.uk
2 Unique identifier for individuals engaged in research, scholarship, and innovation activities.


http://lens.org
https://www.lens.org/
https://www.lens.org/
https://core.ac.uk/
https://core.ac.uk/

2.4 Other Useful Resources for Solid-State Projects

can be searched at the same time. The categories that can be searched include
source, general, authors, external identifiers, subject matter, institution, funding,
conferences, clinical trials, and open access with multiple fields in each category.
After running a search, the tool provides data describing works in set (# returned
results for the search), works cited by patents (all the results that have been cited by
at least one patent), citing patents (patents that have cited at least one of the papers
returned in the search), and works cited by scholarly articles (papers cited by other
literature). The literature search tool also provides statistics describing the number
of papers from the top publishing institutions, number of publications over time,
leading authors, leading journals, and others. The data describing the number of
scholarly citations and patent citations are available for individual articles as well.
Alternatively, PatCite can be used to search for patents that cite-specific articles, or
to search the literature cited by patents. When using PatCite, however, the inputs
need to be the ID numbers or patent numbers of the individual texts that need to be
analyzed.

The patent search tool has a similar interface to the literature search tool with a
possibility for a structured or query text editor. The search can be built by searching
various patent fields, dates, search language, ORCID ID, classification, jurisdiction,
document type (application, granted patent, etc.), and others. The patent field cate-
gories include general (title, abstract, claims, etc.), family (patent families), classifi-
cations, citations, and sequences. After running a search, the tool shows the returned
results along with data describing the publication year, applicants, document type,
inventor, and others. The patent search tool connects to the literature by providing
a listing of the cited scholarly works, on an entire search and an individual patent
level.

2.4 Other Useful Resources for Solid-State Projects

There are numerous databases and resources maintained by organizations that
focus on the properties of materials including Cambridge Structural Database,
International Centre for Diffraction Data (www.icdd.com), Crystallography Open
Database (http://www.crystallography.net/cod), National Institute of Standards
and Technology (www.nist.gov), Protein Data Bank (www.rcsb.org), Nucleic
Acid Database (ndbserver.rutgers.edu) [45], and others. Of these, the Cambridge
Structural Database and Crystallography Open Database would be important for
scientists working in solid-state chemistry.

2.4.1 Cambridge Structural Database

Cambridge Structural Database (CSD, https://www.ccdc.cam.ac.uk/solutions/
csd-system/components/csd) is a collection of published chemical and crystal
structure data. The original data goes back to 1965, and it contains over one million
structures in the database. A Google Scholar search for “Cambridge Structural
Database” returns over 46 000 papers, which speaks to the widespread use of this
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database. The database has several features: CSD materials, CSD discovery, access
structures, and complete access to the CSD. CSD materials can help analyze intra
and intermolecular interactions within a material to better understand its behavior
and properties. CSD discovery is a tool designed for chemist discovering new
molecules and allows for the modeling of protein-ligand interactions, interaction
analysis, virtual screening, and geometric validation of the bound ligand. Access
structures is a free search tool that allows users to search and retrieve a limited
number of structures from the Cambridge Structural Database. The user can search
the name or structure of a compound and obtain information about the compound’s
various crystal structures and, if available, links to the papers that reported the
structure. Access to the full CSD allows users to retrieve more structures as
well as providing access to other features to support the development of new
compounds.

2.4.2 Crystallography Open Database

The Crystallography Open Database (http://www.crystallography.net/cod) in an
open access collection of crystal structures founded in 2003. It covers organic,
inorganic, metal-organic compounds, and minerals, but not biopolymers. As of
August 2019, it contains more than 410 000 entries. Data can be browsed by journal
of publication and year of publication. A detailed search for text, journal, year,
volume, issue, DOI, Z, Z’, chemical formula, unit cell volume, and elements is
possible. Structure search is enabled via SMILES code and by drawing a structure
or structural fragment. A search returns a table holding a link to a Crystallographic
Information File (CIF), a link to HKL data (if available), chemical formula, space
group, cell parameters, cell volume, and bibliographic data.

List of Abbreviations

API active pharmaceutical ingredient
CIF crystallographic information file
CPC cooperative patent classification

CYP450 cytochrome P 450

EMA European Medicines Agency

EPO European Patent Office

FDA Food and Drug Administration

IPC International Patent Classification

IUPAC International Union of Pure and Applied Chemistry
NCE New Chemical Entity

RLD Reference Listed Drug

SMILES simplified molecular-input line-entry system
USPTO United States Patent and Trademark Office
WIPO  World Intellectual Property Organization


http://www.crystallography.net/cod/

References

References

1

10

11

12

13

Saal, C. and Becker, A. (2013). Pharmaceutical salts: a summary on doses of salt
formers from the Orange Book. European Journal of Pharmaceutical Sciences 49
(4): 614-623.

He, Y., Orton, E., and Yang, D. (2018). The selection of a pharmaceutical salt-the
effect of the acidity of the counterion on its solubility and potential biopharma-
ceutical performance. Journal of Pharmaceutical Sciences 107 (1): 419-425.
Cerreia Vioglio, P., Chierotti, M.R., and Gobetto, R. (2017). Pharmaceutical
aspects of salt and cocrystal forms of APIs and characterization challenges.
Advanced Drug Delivery Reviews 117: 86-110.

He, Y., Ho, C., Yang, D. et al. (2017). Measurement and accurate interpretation
of the solubility of Pharmaceutical Salts. Journal of Pharmaceutical Sciences 106
(5): 1190-1196.

U.S. FDA, Center for Drug Evaluation and Research (2007). ANDAs: phar-
maceutical solid polymorphism, guidance for industry. https://www.fda.gov/
downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/
UCMO072866.pdf (accessed 1 April 2019).

U.S. FDA, Center for Drug Evaluation and Research (2018). Regulatory classi-
fication of pharmaceutical co-crystals, guidance for industry. https://www.fda
.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/
UCM281764.pdf (accesssed 1 April 2019).

European Medicines Agency, Committee for Medical Products for Human Use
(2015). Reflection paper of the use of cocrystals of active substances in medic-
inal products. https://www.ema.europa.eu/en/documents/scientific-guideline/
reflection-paper-use-cocrystals-active-substances-medicinal-products_en.pdf
(accessed 1 April 2019).

Newman, A. and Wenslow, R. (2016). Solid form changes during drug develop-
ment: good, bad, and ugly case studies. AAPS Open 2 (1): 1-11.

VanVliet, D. (2016). Patentability of pharmaceutical polymorphs in Europe.
Pharmaceutical Law and Industry Report 14: 1-4.

Sodikoff MSMI, B.J. and Cole, D. (2015). Garrett. What form is it? Lessons from
13 polymorph pharmaceutical cases. Pharmaceutical Law and Industry Report
13: 1-9.

Gaby Longsworth, A.-W. and Varughese, D. (2018). The 505(b)(2) drug approval
pathway: a potential solution for the distressed generic pharmaceutical industry
in an increasingly diluted ANDA marketplace? Pharmaceutical Law and Industry
Report 16.

Celgene Corporation v. Dr. Reddy’s Laboratories, Inc., No. 2:16-cv-07704-SDW-
LDW (New Jersey District Court 2020).

European Patent Office (2019). Espacenet-pocket guide. http://documents.epo
.org/projects/babylon/eponet.nsf/0/8C12F50E07515DBEC12581B00050BFDA/
$File/espacenet-pocket-guide_en.pdf (accessed 05 February 2021).

63


https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM072866.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM072866.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM072866.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM281764.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM281764.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM281764.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/reflection-paper-use-cocrystals-active-substances-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/reflection-paper-use-cocrystals-active-substances-medicinal-products_en.pdf
http://documents.epo.org/projects/babylon/eponet.nsf/0/8C12F50E07515DBEC12581B00050BFDA/$File/espacenet-pocket-guide_en.pdf
http://documents.epo

64 | 2 Determination of Current Knowledge

14 Durrmeyer, X., Hovhannisyan, S., Medard, Y. et al. (2010). Are cytochrome P450

15

16

17

18

19

20

21

22

23

24

25

26

CYP2C8 and CYP2C9 polymorphisms associated with ibuprofen response in
very preterm infants? PLoS One 5 (8): €12329.

Ochoa, D., Prieto-Perez, R., Roman, M. et al. (2015). Effect of gender and
CYP2C9 and CYP2C8 polymorphisms on the pharmacokinetics of ibuprofen
enantiomers. Pharmacogenomics 16 (9): 939-948.

Martinez, C., Garcia-Martin, E., Blanco, G. et al. (2005). The effect of the
cytochrome P450 CYP2C8 polymorphism on the disposition of (R)-ibuprofen
enantiomer in healthy subjects. British Journal of Clinical Pharmacology 59 (1):
62-69.

Glowka, F. and Karazniewicz, M. (2007). Enantioselective CE method for phar-
macokinetic studies on ibuprofen and its chiral metabolites with reference to
genetic polymorphism. Electrophoresis 28 (15): 2726-2737.

Krasniqi, V., Dimovski, A., Domjanovic, I.K. et al. (2016). How polymorphisms
of the cytochrome P450 genes affect ibuprofen and diclofenac metabolism and
toxicity. Arhiv za Higijenu Rada i Toksikologiju 67 (1): 1-8.

Yu, L., Shi, D., Ma, L. et al. (2013). Influence of CYP2C8 polymorphisms on the
hydroxylation metabolism of paclitaxel, repaglinide and ibuprofen enantiomers
in vitro. Biopharmaceutics and Drug Disposition 34 (5): 278-287.

Lou, B. (2015). Crystal structure of 1,3-dihydroxy-2-(hydroxy-methyl)propan-
2-aminium 2-(4-iso-butyl-phenyl)propanoate: a simple organic salt of racemic
ibuprofen. Acta Crystallographica Section E, Crystallographic Communications 71
(Pt 8): 923-925.

Rasenack, N. and Muller, B.W. (2002). Ibuprofen crystals with optimized proper-
ties. International Journal of Pharmaceutics 245 (1-2): 9-24.

Abioye, A.O., Chi, G.T., Simone, E., and Nagy, Z. (2016). Real-time monitoring
of the mechanism of ibuprofen-cationic dextran crystanule formation using
crystallization process informatics system (CryPRINS). International Journal of
Pharmaceutics 509 (1-2): 264-278.

Ziaee, A., Albadarin, A.B., Padrela, L. et al. (2017). Spray drying ternary amor-
phous solid dispersions of ibuprofen - an investigation into critical formulation
and processing parameters. European Journal of Pharmaceutics and Biopharma-
ceutics 120: 43-51.

Kamarudin, N.H., Jalil, A.A., Triwahyono, S. et al. (2014). Variation of the crys-
tal growth of mesoporous silica nanoparticles and the evaluation to ibuprofen
loading and release. Journal of Colloid and Interface Science 421: 6-13.

Hooper, D., Clarke, F.C., Docherty, R. et al. (2017). Effects of crystal habit

on the sticking propensity of ibuprofen-a case study. International Journal of
Pharmaceutics 531 (1): 266-275.

Soares, F.L. and Carneiro, R.L. (2014). Evaluation of analytical tools

and multivariate methods for quantification of co-former crystals in
ibuprofen-nicotinamide co-crystals. Journal of Pharmaceutical and Biomedical
Analysis 89: 166-175.



27

28

29

30

31

32

33

34

35

36

37

38

39

References

Melzig, S., Finke, J.H., Schilde, C., and Kwade, A. (2018). Formation of
long-term stable amorphous ibuprofen nanoparticles via antisolvent melt pre-
cipitation (AMP). European Journal of Pharmaceutics and Biopharmaceutics 131:
224-231.

Afrose, A., White, E.T., Howes, T. et al. (2018). Preparation of ibuprofen
microparticles by antisolvent precipitation crystallization technique: charac-
terization, formulation, and in vitro performance. Journal of Pharmaceutical
Sciences 107 (12): 3060-3069.

Skorupska, E., Kazmierski, S., and Potrzebowski, M.J. (2017). Solid state NMR
characterization of ibuprofen:nicotinamide cocrystals and new idea for con-
trolling release of drugs embedded into mesoporous silica particles. Molecular
Pharmaceutics 14 (5): 1800-1810.

Levine, L.O. (1986). Patent search strategies and techniques: Concept paper,
Pacific Northwest Lab., Richland, WA (USA), . Report No.: PNL-SA-14428;
Other: ON: DE87002470 United States Other: ON: DE87002470 NTIS, PC
AO03/MF AO01. PNNL English.

World Intellectual Property Organization (2015). Guidelines for preparing patent
landscape reports. https://www.wipo.int/edocs/pubdocs/en/wipo_pub_946.pdf
(accessed 19 August 2019).

World Intellectual Property Organization (2019). Guide to the international
patent classification, version 2019. https://www.wipo.int/edocs/pubdocs/en/
wipo_guide_ipc_2019.pdf (accessed 05 February 2021).

USPTO and EPO (2017). Guide to the CPC (cooperative patent classification).
Version 1, Revision 4. https://www.cooperativepatentclassification.org/wcm/
connect/cpc/212f75e9-e9d4-4446-ad7f-b8e943588d1b/Guide+to+the+CPC.pdf?
MOD=AJPERES&CVID= (accessed 1 May 2019).

European Patent Office (2019). Espacenet Resource Book. http://documents.epo
.org/projects/babylon/eponet.nsf/0/c82219a43c976dbcc12581¢d0052925d/$FILE/
espacenet_resourcebook_v3.0_en.pdf (accessed 19 August 2019).

USPTO(2019). Classification Resources. https://www.uspto.gov/web/patents/
classification/cpc/html/cpc.html (accessed 19 August 2019).

Tessler, L., Aronhime, J., Lifshitz-Liron, R., Maidan-Hanoch, D., Hasson, N.,
and inventors; Teva Pharmaceutical Industries Ltd, assignee (2009). Crystal
forms of atorvastatin hemi-calcium and processes for their preparation as well
as novel processes for preparing other forms. United States patent US 7,501,450,
10 March 2009.

Aronhime Judith, L-H.R., Valerie, N., Revital, L., Shlomit, W., and inventor;
Teva Pharmaceutical Industries Ltd., assignee (2009). Crystal forms of ator-
vastatin hemi-calcium and processes for their preparation as well as novel
procesess for preparing other forms. United States.

Paul Oldham, LK. (2016). World intellectual property organization manual on
open source patent analytics. https://wipo-analytics.github.io/introduction.html
(accessed 22 August 2019).

Google (2019). About google patents: coverage 2019. https://support.google.com/
fags/answer/7049585?hl=en&ref topic=6390989 (accessed 22 August 2019).

65


https://www.wipo.int/edocs/pubdocs/en/wipo_pub_946.pdf
https://www.wipo.int/edocs/pubdocs/en/wipo_guide_ipc_2019.pdf
https://www.wipo.int/edocs/pubdocs/en/wipo_guide_ipc_2019.pdf
https://www.cooperativepatentclassification.org/wcm/connect/cpc/212f75e9-e9d4-4446-ad7f-b8e943588d1b/Guide+to+the+CPC.pdf?MOD=AJPERES&CVID=
https://www.cooperativepatentclassification.org/wcm/connect/cpc/212f75e9-e9d4-4446-ad7f-b8e943588d1b/Guide+to+the+CPC.pdf?MOD=AJPERES&CVID=
https://www.cooperativepatentclassification.org/wcm/connect/cpc/212f75e9-e9d4-4446-ad7f-b8e943588d1b/Guide+to+the+CPC.pdf?MOD=AJPERES&CVID=
http://documents.epo.org/projects/babylon/eponet.nsf/0/c82219a43c976dbcc12581cd0052925d/$FILE/espacenet_resourcebook_v3.0_en.pdf
http://documents.epo.org/projects/babylon/eponet.nsf/0/c82219a43c976dbcc12581cd0052925d/$FILE/espacenet_resourcebook_v3.0_en.pdf
http://documents.epo.org/projects/babylon/eponet.nsf/0/c82219a43c976dbcc12581cd0052925d/$FILE/espacenet_resourcebook_v3.0_en.pdf
https://www.uspto.gov/web/patents/classification/cpc/html/cpc.html
https://www.uspto.gov/web/patents/classification/cpc/html/cpc.html
https://wipo-analytics.github.io/introduction.html
https://support.google.com/faqs/answer/7049585?hl=en&ref_topic=6390989
https://support.google.com/faqs/answer/7049585?hl=en&ref_topic=6390989

66

2 Determination of Current Knowledge

40 Bahige, M. Baroudy, J.W.C., Gilbert, E., Josien, H. B., Labroli, M. A., Laughlin,

41

42

43

M. A., Mccombie, S. W., McKkittrick, B. A., Miller, M. W., Neustadt, B. R., Palani,
A., Smith, E. M., Steensma, R., Tagat, J. R., Vice, S. F. (2000). Pharmaceutical
compositions comprising CCR5 antagonizing piperazine derivatives, E.P. Office,
Editor, Merck Sharp and Dohme Corp.

Organization WIP (2019). National collections — data coverage 2019. https://
patentscope.wipo.int/search/en/help/data_coverage.jsf (accessed 22 August
2019).

World Intellectual Property Organization (2019). Patentscope: the user’s guide.
https://patentscope.wipo.int/search/help/ar/users_guide.pdf (accessed 05
February 2021).

World Intellectual Property Organization (2019). Chemical search.

44 Jefferson, O.A., Jaffe, A., Ashton, D. et al. (2018). Mapping the global influence

45

of published research on industry and innovation. Nature Biotechnology 36 (1):
31-39.

Coimbatore Narayanan, B., Westbrook, J., Ghosh, S. et al. (2014). The nucleic
acid database: new features and capabilities. Nucleic Acids Research 42 (Database
issue): D114-D122.


https://patentscope.wipo.int/search/en/help/data_coverage.jsf
https://patentscope.wipo.int/search/en/help/data_coverage.jsf
https://patentscope.wipo.int/search/help/ar/users_guide.pdf

3

Systematic Screening and Investigation of Solid-State
Landscapes
Ulrike Werthmann

Boehringer Ingelheim Pharma GmbH & Co. KG, Drug Discovery Sciences, Birkendorfer Strafie 65,
88397 Biberach/Riss, Germany

3.1 Introduction

The solid-state behavior of a drug compound could translate into measureable dif-
ferences in properties of pharmaceutical importance. Therefore, the solid-state land-
scape of an Active Pharmaceutical Ingredient (API) has to be well investigated and
known. The selection of the right solid form for development has a great impact on
the timeline for admission of a drug product.

The tendency of pharmaceutical solids to crystallize in multiple crystal forms
and the significance of this phenomenon (polymorphism) have been demonstrated
[1]. Since polymorphism can affect the chemical, biological, and pharmaceutical
properties of the drug, it is very important to detect and analyze polymorphic,
solvated/hydrated, or amorphous forms of an API at early time points. The defi-
nition of solid forms of a New Chemical Entity (NCE) is a key step for candidate
nomination at the Research (RES) and Development (DEV) interface. Therefore,
it is very important to have a thorough understanding of the drug substance in
terms of its solid form, physicochemical properties, and manufacturability for drug
product design and DEV.

The strategies to investigate the solid form landscapes of an API differ consid-
erably among the pharmaceutical companies. Their common goal is fast market
approval of an NCE. Each team follows their own strategy based on long experi-
ences with respect to invested time, used resources (personnel and financial), and
success. Therefore, no standard procedure exists which is used by all pharmaceutical
industries.

This chapter is intended to summarize important aspects of the strategy for the
solid-state evaluation of small molecules, which is followed by an RES team working
in a RES-based pharmaceutical company. Focus will be set on a pragmatic approach
for investigations on solid forms and crystallization experiments in the late stage RES
phase. There is no intention to raise any claim of describing the best approach on
solid form selection. There are many ways to be successful. Besides a large number
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of publications describe general procedures [2], this book chapter will concentrate
on daily routine in the NCE environment of a pharmaceutical business.

One example of daily project work with respect to solid form characterization will
illustrate the procedure.

3.2 General Aspects of Solid-State Investigations
in Early Drug Discovery Phase

The early Drug Discovery Process covers different phases of API characterization
(Figure 3.1). In the very early RES period, called pre-lead optimization phase (pre-LO
phase), usually only a few solubility data points are used as a guidance for optimiza-
tion. The solubility data of these compounds can be collected by a high-throughput
solubility screening method (shake flask method from dimethylsulfoxid (DMSO)
stock solution). At the beginning of the lead optimization phase (LO-phase), the
partition coefficient should be measured for some representative compounds. A first
check regarding chemical stability in solution has to be performed as well. In case of
liabilities, these properties should be improved to identify suitable lead structures.
As a consequence, the first investigations in terms of DEV aspects are initiated with a
more promising set of compounds. At that time, the amount synthesized for a parti-
cular compound increases and the first solid material is available and can be used for
physico-chemical investigations. This includes a crystallinity check via X-ray powder
diffraction as well as particle size and shape analysis by optical microscopy. Later in
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Figure 3.1 Different phases of API-characterization within Research.



3.3 Transition Phase from Late Stage Research to Early Stage Development

the project timeline, interest in the crystallinity status (degree of crystallinity), parti-
cle shape, and particle size of the first powder material increase steadily, because this
information is used to optimize API processing and formulation [3]. The influence
of these material properties (e.g. crystallinity, amorphous, or micronized) on early
in vivo experiments is already significant. The knowledge of the quality of the solid
material used for first solubility tests and standard pharmacokinetic (PK) studies are
very helpful for the interpretation of the data and misinterpretation of the results
can be minimized. At that project step, no intensive optimization efforts on the solid
form can be started due to lack of availability of sufficient amount of compound.
This will be done at later stage.

With the beginning of the candidate profiling phase (CP phase), the most promis-
ing molecules are identified and selected for deeper evaluation. At this time, medic-
inal chemistry delivers larger batches of solid material. These batches are used for
relevant biological studies. Next to basic physico-chemistry data like crystallinity or
solubility, the formulation DEV uses these solid materials to support the non-clinical
animal studies (e.g. PK study studies and safety pharmacological studies). These out-
comes are of great interest for the further consideration of the compounds for DEV.
A well-characterized formulation, with respect to the solid material within the for-
mulation, even in this early stage is becoming increasingly significant.

Approximately six months before an NCE project enters the DEV stage, the project
team identifies one compound to move forward, i.e. select a candidate for DEV.
Crystallization of a drug, manufacturing of the bulk material, defining analytical
protocols, setting up reasonable stability programs, generating product formulation,
and so on are important aspects for DEV and delivery of pharmaceutical products.
All these activities are defined as Chemistry, Manufacturing, and Control (CMC),
which plays an important role during late RES phase and the complete DEV stage.

The focus from a CMC perspective is now to start crystallization experiments in
order to find the most stable solid form with acceptable physico-chemical properties.
This can be a particular polymorph, a hydrate, a salt, or a cocrystal. These screens
are focused on finding at least one suitable solid form to enable a progression of the
project to the next stage. Later in DEV, after proof of clinical concept, more material
and resources are available, and comprehensive screens can be initiated to evaluate
the polymorphic landscape in more detail.

3.3 Transition Phase from Late Stage Research to Early
Stage Development

Within the late stage of RES, the solid form characteristics of a selected candidate
are of great importance for many disciplines in RES and DEV.

Therefore, a transition team consisting of members of both RES and DEV is helpful
to ensure high quality of DEV compounds and to provide a seamless transfer from
RES to DEV.

Upon entering this phase, the indication of the API is well defined and most of
the important biological studies, which show therapeutic efficacy, are completed.
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Additional important preclinical studies like safety pharmacology investigations of
the candidate to identify potential undesirable biological effects have to be set up.
For these studies, an optimized and well-characterized formulation has to be pro-
vided because the required plasma levels for detecting potential side effects have to
be achieved.

Due to limited solubility of many drug molecules, it is not always possible to pro-
vide a solution as an ideal formulation. The doses for safety pharmacological studies
are normally 15-30 times higher than the expected human estimated doses and the
concentration of the API within the formulation is rather high.

Most frequently, APIs are formulated as a suspension (insoluble particles dis-
persed in liquid medium). The degree of crystallinity of these insoluble particles
has an impact on the solubility and/or dissolution rate of the API within the body
at least for the biologically relevant data. Because of the impressive DEV of home
lab X-ray equipment, powder patterns of formulations containing low amount of
solid material (for low concentration suspension) can be easily measured in a very
short time with sufficient resolution.

3.4 Solid-State Characteristics in Preclinical
Formulations

The powder material, which will be used for in vivo studies, has to be analyzed with
respect to solid-state characteristics regarding crystallinity and morphology. Addi-
tional solubility data in aqueous media, physiological relevant media like Fasted
State Simulated Intestinal Fluid (FaSSiF) and Fed State Simulated Intestinal Fluid
(FeSSiF), and/or relevant excipients are helpful for the formulation setup. The scope
of these solubility tests is regulated by the quantity of compound, which is related to
the complexity of the synthesis.

For highly soluble drugs, a clear solution can obtained. For low soluble drugs,
a heterogeneous mixture containing solid particles is formed (suspension).
Water-soluble methylcellulose derivates like Methocel or Natrosol are very com-
mon ingredients used in pharmaceutical formulations. For initial PK studies, a
Natrosol suspension is a common formulation for oral applications. Figure 3.2
shows a microscopy image of a standard Natrosol suspension.

For relevant in vivo studies, the solid form of the API within the formulation has
to be checked prior to the application. X-ray powder diffraction can be used for
monitoring the crystallinity/amorphous state of a small molecule in a formulation.
Prior to X-ray powder diffraction (XRPD) measurement, the formulation suspen-
sion (see Figure 3.2) is centrifuged to concentrate the amount of solid material. After
discarding the supernatant liquid, the pasty solid sample is transferred to a sample
holder, e.g. a silicon wafer, and spread as even as possible. Sufficient amounts of
sample material are very important in order to achieve high-quality measurements.
Hence, 15-20 mg of the pasty solid material is required. The solid form of the API
can change to another polymorphic form (see Figure 3.3), potentially also result-
ing in a significant reduction of the degree of crystallinity. The material could also



3.4 Solid-State Characteristics in Preclinical Formulations |71

Figure 3.2 Microscopic picture of natrosol suspensions (heterogeneous
mixture — API-particles not dissolved) (a) amorphous particles within natrosol; (b)
crystalline particles within natrosol. Source: Dr. Ulrike Werthmann.
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Figure 3.3 Polymorph transformation within natrosol suspension. Pattern A: XRPD of solid
material prior to formulation (Form ). Pattern B: XRPD of solid material within natrosol
formulation after 24 hours (Form Il).

become completely amorphous (see Figure 3.4). Likewise, an amorphous starting
material can crystallize into a known or new form within the formulation. Conse-
quently, there is a risk that the formulation used for in vivo studies contains a differ-
ent solid form of the API than initially planned. This can have significant impact on
the outcome of the study. A short-term (up to three days) physical stability test is rec-
ommended and helpful for proper handling of the formulations before application.

In addition to crystallinity, the shape and the size, i.e. the morphology, of API parti-
cles play an important role within a formulation. The relationship between solubility
and particle size is well investigated and known [4]. Microscopic images of the sus-
pensions depict the shape, and a rough impression of the particle size distribution of
the suspended matter can be obtained (see Figure 3.2). Modern techniques allow a
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Figure 3.4 Crystallization of amorphous material within natrosol suspension. Pattern A:
XRPD of solid material prior to formulation (amorphous). Pattern B: XRPD of solid material
within natrosol formulation after 2 hours (crystalline Form I).

more precise measurement of particle size distribution (e.g. nanometer scale) even
using a small amount of sample [5].

For specific drugs, decreasing particles down to nanosize improves solubility and
thus achieves better biological parameters [6]. For the milling (i.e. micronization)
process, the starting material has to be crystalline. Otherwise, no sufficient size
reduction can be achieved via milling. Hence, the crystallinity has to be checked
before and after micronization. After the micronization procedure, the material
should still exhibit the same crystal form. For some drug substances, a mixture of
amorphous and crystalline material is obtained [7]. The degree of amorphousness
will not be determined at this early project stage.

It should be noted that the nanosized formulation approach is a very helpful tool
in RES and early stages of DEV.

Another technology to improve the dissolution rate of a compound is the con-
version of crystalline material to the amorphous state. Different technologies are
currently available, like milling, spray drying, or lyophilisation [8]. A stabilized sus-
pension of amorphous drug (e.g. solid dispersion) can lead to much better results
in the in vivo studies. X-ray powder diffraction measurements should prove the sta-
bility against recrystallization of the amorphous state of the API within this formu-
lation. Figure 3.5 shows representative patterns to display the recrystallization of
amorphous substance as a function of time. For this compound, the solid dispersion
formulation has to be used directly after preparation for getting reliable results.

Table 3.1 summarizes the important aspects of solid from control for formulations
via XRPD.
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Figure 3.5 Recrystallization of amorphous material within a solid dispersion formulation.

Pattern A: XRPD of freshly prepared solid dispersion (APl = amorphous). Pattern B: XRPD of
solid dispersion after 1 hour (APl = amorphous). Pattern C: XRPD of solid dispersion after

3 hours (recrystallization of API started). Pattern D: XRPD of solid dispersion after 24 hours

(recrystallization of API progressed).

Table 3.1 Important aspects of solid form control for formulation.

Formulation principle

XRPD measurements of Result

Oral (natrosol suspension)

Parenteral (solution)

Oral: nano-suspension

Oral: solid dispersion
(amorphous API included in
gastroresistant polymers)

API + formulation

API

API + formulation

API (amorphous) +
formulation

Detect change in degree of
crystallinity up to amorphous
state detect change in
polymorphic form

Gather knowledge about
solubility behavior of used batch
(crystalline or amorphous)

stability of solid form within
formulation

stability of solid dispersion (API
in amorphous state)

3.5 API-crystallization Strategy in Candidate Profiling

Phase

The first step in defining the solid form is to determine if chemical variations of
the free form are possible at all, such as formation of salts, hydrates, solvates, and
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cocrystals. Thereafter, solid form screening protocols have to be set up to identify the
scope of possible solid forms, i.e. the solid-state or polymorphic landscape. These
include crystalline polymorphs of the free form and amorphous form. In case that
multiple solid forms are found, one out of these has to be selected as a suitable form
to be used for DEV [9].

For compounds exhibiting polymorphism, it is important that there is a clear sci-
entific rationale for the chosen solid form which typically should be the thermody-
namically most stable form [10]. The solid form also plays a role in achieving drug
substance purity [11] and isolation efficiency of a drug substance.

Although significant advances have been made in the field of ab initio crystal
structure prediction (CSP), robust methods for assessing polymorphic behavior of
pharmaceutical compounds remain a sizable challenge. Organic CSP methods focus
on searching for the most thermodynamically stable three-dimensional crystal
structures. In cases where the existence of a known crystalline form is predicted,
estimation of its stability relative to other crystalline packing arrangements is
possible. However, even with current technology, the accuracy of relative ranking
of the most thermodynamically stable predicted structures requires further DEV.
Polymorphic calculations, with CSP and other programs such as Hydrogen Bond
Propensity (HBP), may be used in risk assessment as well as in crystal structure
identification [12].

Additionally, predictive tools, such as HBP, Molecular Complementarity (MC),
Molecular Electrostatic Potential (MEP), are important in cocrystal design and serve
as a good starting point for selecting solvents or cocrystal formers. DEV of automated
scripts has enabled the application of these methods to become practical in routine
use. In addition, a program for prediction of the propensity of a compound to form a
solvate has been developed which provides insight into solvent selection in crystal-
lization trials [13].

Currently, solid form discovery relies primarily upon experimental studies, where
manual screening methods are employed to explore form diversity of a compound.
Computational methods serve as a complimentary tool to advance and accelerate
this process. Further DEV and enhancement of predictive technologies offers the
opportunity to accurately guide investigations of crystal form identification and
characterization and ultimately reduce the number of laboratory experiments [14].

In the last 20years, the high-throughput (HT) crystallization method was well
established as a rapid screening tool for evaluating the crystallization behavior
of organic molecules and is used in many companies. Modern HT experiments,
mostly carried out in 96-well plate systems in pl scale, can implement various
salt formations and crystallization conditions. The main interest in following this
approach is to identify key solvents and solvent combinations, counterions, and
conditions for a successful crystallization of a specific molecule in a short period
of time. HT analytical techniques (e.g. HT X-ray powder diffraction) allow a quick
check regarding crystallinity. A high number of solvents and solvents mixtures can
be tested as well as different acids, bases, and cocrystal formers. A huge number of
experiments have been analyzed to evaluate potential anions/cations and solvents
for a successful crystallization of an API. There are a number of excellent reviews
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on these screening techniques [15]. Full physico-chemical characterization of the
hits (crystalline forms) has to be performed on larger quantities which are obtained
by manual crystallization experiments following the recipes for the hits from HT
screen. All these screening programs are designed to obtain a large range of solid
forms (polymorphs, salts, and cocrystals) of a drug molecule.

Recently (about 2014), there has been a trend to reduce the number of crystalliza-
tion experiments in the candidate-profiling phase with the focus of finding at least
one suitable form. How extensively a polymorph screening can be conducted dur-
ing late RES phase or early DEV phase is controversially discussed and depends on
strategy within the company.

A reduction of the number of crystallization plates within the HT screen approach
(e.g. using only one 96-well plate applying one crystallization procedure) is one way
to safe material and to speed up the process. Additional lab-scale experiments using
alow number of specific selected solvents, acids, or bases are getting more common.
Manual crystallization methods (low-throughput approach) were applied success-
fully for many years in solid form screening. A typical scale for manual experiments
can range from ~20 to 50 mg. Manual screenings offer the employment of a wider
variety of crystallization conditions and a detailed monitoring of all the different
manufacturing steps, e.g. observation of precipitation or change in morphology.

The availability of a drug substance (depending on the complexity of its synthesis
routes) defines the scope of the initial solid form screening which can vary between
HT solid form screen (96 or more experiments) and some selected single crystalliza-
tion experiments. The amount of material for initial investigations typically varies
roughly between 300 mg and 5 g. Table 3.2 summarizes the different screening types.

Key information about a compound has to be collected before a reasonable crys-
tallization strategy can develop for a specific molecule:

(a) availability of the compound and purity of batches
(b) dissociation constants (pK, and pK, values)

(c) solubility data

(d) estimated human dose

(e) application route

The quality of the batch is of high importance. Purity testing (High performance
liquid chromatography - ultra-violet detector [HPLC-UV] or high performance
liquid chromatography — mass spectrometer [HPLC-MS]) is mandatory and the
purity for batches used for crystallization experiments should be greater than 99%.

The knowledge of the pK, /pK,, values, which define the acid and basic properties,
allows the selection of acids/bases for a salt screen. If the API is a neutral molecule,
only polymorph and cocrystal experiments can (and should) be conducted.

The safety assessment of a pharmaceutical salt regulates the selection of the
acids/bases. Not all counterions are ideal because they may have an impact on
toxicity. Well-known acids/bases (hydrochloric acid or sodium hydroxide), which
are widely used on the market, should be tested first [16]. The introduction of novel
salt forms can significantly increase the workload to evaluate the toxicological
profile of an NCE.
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Table 3.2 Key aspects of different screening types.

Compound

requirement Duration Screen type Outcome Analytics

~300 mg 1wk Exploratory Providing XRPD
experiments information
3-5 crystallization regardﬁpg .
experiments using diff. ;r{lsta. 1zation
solvents chavior

1lg 1wk Discovery screen Providing hit list for HT XRPD
limited solid form upscaling to e f
screening on mg-scale S 0_}100 mg scale for
using HT urther L.
crystallization characterization;
platform, e.g. 11 potential salt or
counteri <,)n.s i 3 cocrystal forms incl.
solvents polymorphic forms

1g 1-2wk  Form evaluation Providing hit list of ~ XRPD, DSC, TG,
screen promising salt DVS, microscopy
crystallization of forms for m quth
50-100 mg of characterization
individual salt forms
and first
characterization

2-5g 2-3wk  Process Providing one XRPD, DSC, TG,
crystallization suitable form for DVS, microscopy,
screen development solid state
crystallization of stability (k.inetic
gram - quantities of anld S}emlcal),
most promising salt _SO u 1 }ty,
forms for full iir}trlnlsu,t
characterization Issolution rate

Selection of appropriate solvents for crystallization is sometimes challenging.
Solubility data of the API in organic solvents including water are helpful to get
an idea which solvents will be tested in the beginning. Solvents that are known to
cause unacceptable toxicities should be avoided in the first crystallization screen
and procedure. From DEV perspective, a limited number of solvents are preferred
regarding the ICH guideline [17] (class III and class II solvents) and should be
tested first.

The term tolerable daily intake (TDI) describes exposure limits of potential toxic
chemicals. The maximum acceptable limits of residuals (e.g. solvents, metals) are
listed und regulated by a collection of guidelines [18]. Based on the estimated human
dose of each API, the selection of solvents can be adapted. For low doses compounds,
the number of solvents could increase.



3.6 Selection Criteria of a Suitable Solid Form

Based on all these information, the crystallization strategy of the drug substance
will be defined.

Because solid forms can have a significant influence on many physical proper-
ties, different analytical techniques to characterize solid forms need to identify and
describe the different crystal forms (salts, solvates, hydrates, cocrystals). Characteri-
zation of solid forms by using multiple analytical techniques like microscopy, XRPD,
differential scanning calorimetry (DSC), thermogravimetry (TG), dynamical vapor
sorption (DVS), and spectroscopy (Infra-Red [IR], Raman, solid-state nuclear mag-
netic resonance [SSNMR]) is well established and described in literature [19]. For
inorganic crystallized salts, ionic chromatography (IC) determines the ratio between
APLacid/base, while for organic salts or cocrystals 'H NMR is an appropriate mean.
For DEV of a solid form, solubility behavior is essential and should be collected in
different media like aqueous media, organic media, and bio relevant media like FaS-
SIF and FeSSiF [20]. The solubility can increase by modifying the API in a chemical
manner (salt or cocrystal formation) or in a physical way (amorphization, selection
of another polymorph).

3.6 Selection Criteria of a Suitable Solid Form

After collecting all important analytical data (see Table 3.2) of the most promising
forms, it has to be discussed which form can be proposed for DEV. Only in rare cases,
ideal physico-chemical properties are observed. The choice of the selected form for
DEV is often a compromise and the risks and opportunities of the solid form have to
be carefully evaluated.

Selection criteria for each parameter point out possible liabilities based on
physico-chemical parameters, which is helpful to judge the different forms regard-
ing DEV aspects. It is important that there is a clear rationale for the chosen
solid form.

Four different categories can be specified to get an overview for an early pharma-
ceutical developability assessment. Solid-state physico-chemical properties can be
divided into ideal, aacceptable, undesirable, and no go.

Table 3.3 defines the categories including their definition and the consequences
for DEV. Additionally, the table lists exemplary the selection criteria for the melting
point of a crystalline drug substance.

For each solid-state property, specific criteria have to be assessed for the next mile-
stone (i.e. start of DEV). The criteria are intended to provide transparency on the
success of identifying an ideal solid form. Each property will be ranked according to
the four categories. The defined criteria of, e.g. ideal melting point or ideal sorption
behavior are on the one hand based on the strategy of the company (risk assessment)
and on the other hand on the deep experience of the solid-state experts within the
company.
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Table 3.3 Definition of different categories for physico-chemical properties.

Category Melting point Definition Consequence
Ideal >120°C Uncritical Requires standard efforts
Level of difficulty is low
Acceptable 80-120°C Challenging property Requires most likely
identified, but unlikely to increased capacities
lead to discontinuation Level of difficulty is
medium
Undesirable  <80°C Critical property Requires distinct
identified, can lead to increased capacities and
discontinuation induce time delay
Level of difficulty is high
No go Not defined Not acceptable property Requires immediate
discontinuation

The following solid-state properties are of relevance:

o Crystallinity

o Melting point

o Weight loss

e Hygroscopicity

e Mechanical stability

o Solubility in different media

In general, the criteria are defined for the DEV of oral dosage forms. For specific
application routes, the criteria have to be adapted based on recommended dosage
form. As an example for dry powder inhalation, the particle size must be suitable for
inhalation (< 5.8 pm) [21], and the stability of the particle size must be maintained
during storage of micronized drug substance. These values have to be defined within
the criteria list for the inhalation application route.

By completion of the solid form screening and evaluation of the important
physico-chemical properties of at least one solid form of the compound, all data
have been evaluated according to the “criteria” for DEV, as described earlier. At
the end, a head-to-head comparison of most attractive solid forms facilitates the
decision for the selected solid from.

A well-understood API preparation, crystallization, and isolation process must be
designed that will ensure that the API crystallizes in the desired solid form and that
the subsequent processes maintain the physical form or alter it by design. The final
isolation process must also ensure that the desired compound yield and purity levels
are met.

A CMC team, consisting of members from RES and DEV, defines the final or at
least one suitable solid form for DEV, based on all data.



3.8 Control of Solid Form Properties in Development
3.7 Knowledge Management

All new data should be continuously distributed during the project as knowledge
is gained. Regular team meetings have to be organized for an exchange of informa-
tion and detailed scientific discussion. Additionally, the collected data have to be
reported into a database, in which data are organized especially for rapid search and
retrieval. All team members must have access to the database. It should be noted that
all solid-state parameters of all compounds and their associated batches are added to
the database. This means that the solid form parameters (e.g. melting point, degree
of crystallinity of every batch) can be checked up by a defined search routine. Addi-
tionally, all physicochemical data of a compound and the respective batch can be
linked with other parameters (e.g. in vivo or in vitro results). This allows a more or
less complete overview on the properties of a batch and the specific usage of theses
batches for other studies. A complete “One Compound Report” can be generated
to get a fast and quick overview. After defining the solid form for DEV, a scientific
report will be generated containing all important information regarding the selected
solid from.

3.8 Control of Solid Form Properties in Development

Ideally, the solid form should not change throughout DEV. During DEV, modifi-
cations to the API synthetic scheme, scale, processing conditions, or equipment
may impact the isolation with respect to the final solid form. In cases where the
compound properties are poor with respect to filtration properties, size reduction
(difficulty in milling), or use in drug product manufacturing (e.g. sticking), the
last crystallization step in chemical DEV may involve some additional solid form
considerations.

The disposability of compound increases during the DEV phase and additional
studies can and should be conducted. This includes, but is not limited to, developing
phase diagrams for enantiotropically related polymorphs, as well as thermodynamic
boundaries for hydrates and solvates that can be formed. Based on this knowledge,
the crystallization process can be designed properly and optimized to ensure consis-
tent formation of the target solid form.

Additional work should be conducted on the drying and milling operations to
understand any risks to the form that can occur during isolation and size reduction
processes.

Comprehensive solid form screening activities should be initiated prior to Phase
II1I to ensure sufficient knowledge to de-risk solid form control for commercial DEV.
A Case Study - Solid State Activities in CP phase for a standard project.

Six months prior to the transfer to DEV, the solid form evaluation of a NCE is
conducted. The nature of the compound cannot be disclosed, thus, it is just named
compound A. The substance is intended for oral administration as a tablet. Based on
early calculations, the estimated human dose for a once daily application is 50 mg.
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Table 3.4 Synthesized batches from medicinal chemistry available at that time point.

Batchno  XRPD-result Batch used for

1 Amorphous e In vitro studies
e Pharmacodynamics and pharmacokinetics
studies
2 Amorphous e In vitro studies
e Pharmacodynamics and pharmacokinetics
studies
3 Low crystallinity - FormI e Pharmacodynamics and pharmacokinetics
studies
e First basic CMC analytics (log P and pK,-values,
solubility data in aqueous media, chemical
stability in solution)
4 Low crystallinity - Form I e Pharmacokinetics studies - 600 mg for some
exploratory crystallization experiments
e 500 mg for formulation development to support
safety studies

Profiling efforts are undertaken to gain an initial understanding of the polymorph
landscape of the new API and to find at least one solid form suitable for DEV.

Table 3.4 shows the required information of compound A that was available at the
start of solid form evaluation.

Table 3.4 lists all batches of compound A that were synthesized before system-
atic solid-state characterization work begun. One crystalline form, identified only
by X-ray powder diffractometry, was observed. Batch No. 4 was used for first solid
form evaluation tests (see Table 3.2, “exploratory screen-type”).

The analytical data of batch 4 are shown in Table 3.5.

The purity of batch No. 4 (>99%) is sufficient for crystallization studies. The aque-
ous solubility is rather low. The compound shows a strongly pH-dependent solubility
with good solubility in acidic media. Solubility drops down to values lower than
1pgml~! at pH values >4. The stability in solution over a wide pH range is given,
even under sunlight. Therefore, a solution can be handled in the lab without any
degradation protection equipment. Compound A exhibits an ionisable basic func-
tional group in the structure which allows an ionic interaction between drug and
acid. From that perspective, salt formation would be possible. The measured pK,
value of 3.8 allows only the use of strong acids for salt formation (e.g. hydrochloric
acid is recommended).

3.9 Exploratory Crystallization Experiments

Due to limited amount of material, only 600 mg of batch No. 4 was available for
these investigations at this point in time, 50 mg scale experiments were performed.
The free form of Compound A was characterized using eight different solvents,
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Table 3.5 Analytical characterization of batch no. 4.

Parameter Result
pK, values pK, = 3.8 (basic)
HPLC purity 99%
Stability in solution (3d@ 40°C) Media Sum of degradation products
0.1N HCL <0.5%
Buffer pH 2.2 <0.5%
Buffer pH 7.4 <0.5%
Buffer pH 10 <0.5%
24 h Suntester <0.5%
Solubility data Media Concentration (mgml=1) after 2h
Water (pH 5.3) <0.001
0.1N HCL >1
Buffer pH 2.2 0.3
Buffer pH 4.5 <0.001
Buffer pH 7.4 <0.001
FaSSiF 0.008
FeSSiF 0.05

select for this specific compound, in order to evaluate its crystallization behavior.
The compound was dispensed into vials, and solvents were added subsequently.
After two hours stirring at 50 °C, the material was filtered and dried in a vacuum
oven (40 °C, 1 mbar). The solid materials were analyzed by XRPD (Table 3.6).

Evaluation of XRPD data of the exploratory crystallization experiments indicates
six different patterns for compound A, including Form I crystallized before in Medic-
inal Chemistry. Due to confidentiality of compound A, the following figures show
exemplary six XRPD diagrams of another compound (compound B) to illustrate six
different crystalline materials (Figure 3.6).

In the meantime, two additional batches with sizes of approx. 30 g. A few grams
of these batches were assigned for additional crystallization experiments. The com-
pound supply now allows for a broader screening (see Table 3.2, type “Discovery
screen”) on solid forms. A high-throughput solid form evaluation was conducted
using the automatic robotic setup to explore experiments in parallel. This screening
covers also salt-, cocrystal, and solvate formation as well potential polymorphic
forms. Due to the low pK, value, strong acids were selected within this study.
Amongst them, hydrochloric acid, hydrobromic acid, sulfuric acid, and phosphoric
acid were used. Additionally, a few weaker acids were also implemented to the
screen, which could act as cocrystal former. No different crystallization setups were
applied for salt- and cocrystal formation. The screening of Compound A in pl scale
consists of the slurry crystallization procedure. Slurry means that nondissolved
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Table 3.6 Results of first crystallization experiments (exploratory screen type).

Used solvent Result XRPD

Low crystalline - Form I?

Ethanol Crystalline — Form II

Ethylether Crystalline — Form III
Methyl-ethyl-ketone (2-butanone) Crystalline - Form III
Tetrahydrofurane Crystalline — Form III
Cyclohexane Crystalline - Form III
2-Propanol Crystalline - Form IV
Acetone Crystalline - Form V

Methylisobutylketone water (1 :1 vol/vol%) Crystalline — Form VI

a) Low crystalline batch no. 3 delivered by Medicinal Chemistry.
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Figure 3.6 Exemplary XRPD-diagrams of compound B to illustrate six different crystalline
materials.

solid material is suspended in the solution, which most often result in formation of
a thermodynamically more stable, if not the most stable form.

Compound A was dissolved in ethanol and dispensed to the 96 wells into a crystal-
lizer assembly (manufactured by Unchained Labs). Solutions of the acids in suitable
solvents (methanol, ethanol, tetrahydrofurane, or water) were dispensed such that
acids were delivered to each well in the stoichiometry specified in the experiment
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Table 3.7 Experimental details of the HT screening setup.

Number of experiments 96

Amount of compound used Approximately 1 g
Number of acids used 11

Ratio API : acid (mol/mol) 1:1.1

Temperature for crystallization 20-50-20°C
Crystallization procedure Crystallization by slurry

design (ratio API:acid =1:1.1). After a period of two hours, the solvent was removed
by evaporation and approx. 5-8 mg solid material remained in each well (Table 3.7).

Defined crystallization solvents were dispensed to each well, and the solutions
were covered and subsequently heated up to 50°C, stirred for 24hours and
equilibrated. By completion of the crystallization, the assemblies were opened and
the residual solvents removed by evaporation using a vacuum oven (40 °C, 1 mbar).

Solid materials were formed on purpose-built kapton substrates. Kapton, a poly-
imide film material, is necessary if the XRPD analysis is performed on an instrument
built up in transmission configuration. No reflection peaks appear from kapton in
the 2-theta-range of 3-40° 20. The substrate can be removed from the crystallizer
assembly and can readily be used to obtain HT powder X-ray diffraction patterns
without any manual manipulation of the samples.

Figure 3.7 shows the HT crystallization setup for Compound A on a 96-well plate.
On behalf of the acids full name, a symbol is stated (CL: chloride, BR: bromide, TA:
tartaric acid, CI: citric acid, FU: fumaric acid, MA: malic acid, SC: succinic acid, BZ:
benzoic acid, LML: (L)-malic acid, PH: phosphoric acid, SU: sulfuric acid).

Solid materials (crystalline and amorphous) and transparent gels were obtained.
Figure 3.8a shows an image of the final kapton crystallization plate, Figure 3.8b
shows the results of the HT X-ray investigations. Within this figure, the four differ-
ent blue-colored fields indicate four different crystalline XX forms of compound A,

EoH 1 QOO0

EOH: H,0 9:11 QOO0
2511000 0000/000)00
2PoH: H,0 9:1| QOO0 00000000
Aceton | QOOOOOOO0000

ee| OO000O0O000O
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Cyclohexane QQQQ OQ QQQQOQ

Figure 3.7 HT crystallization setup for compound A on a 96-well plate.
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Figure 3.8 Image of the final kapton crystallization plate (a); results of the HT X-ray
investigations (b). Source: Dr. Ulrike Werthmann.

which are already known from the first crystallization experiments. Salt formation
was only successful by using hydrochloride acid (green field) and most likely a
cocrystal was formed using citric acid (yellow field). In all other wells (grey), only
amorphous material was formed.

In total, six different polymorphic forms of Compound A as well as two crystalline
salt/cocrystal could be obtained by initial crystallization experiments. Due to time
pressure, the focus was set on these eight forms and further evaluation of the forms
was indicated. Four hundred milligrams-scale experiments (Table 3.2, type “form
evaluation screen”) were conducted to get sufficient material for additional analyt-
ics. For these experiments, the solvents that resulted in the best crystallinity within
the HT screen were selected. All forms were successfully recrystallized, except Form
V. Besides standard XRPD, the samples were also analyzed regarding melting behav-
ior by using DSC. TG coupled with infrared spectroscopically identification of the
vapor phase (TG-IR) provides knowledge about solvate and/or hydrate formation.
These investigations allow a first interpretation regarding the most stable form and
hydrate or solvate formation.

Table 3.8 summarizes the thermal analysis results. Three hydrates, one solvate,
and two anhydrous solid forms of compound A were obtained.

Based on the DSC and TG data, the focus of further investigation was set on the
two anhydrous solid forms (Form IIT and Form VI) and the form of the citric acid
cocrystal. About 2 g of each form were manufactured in high crystallinity with high
chemical purity.

Comparing the two melting points of the two anhydrous solid forms (Form III,
mp at 171 °C, Form VI, mp at 186 °C), there is a clear indication that Form VI will
be the more stable polymorph because of a 15 °C higher melting event. Long-term
slurry experiments (3 days, 7 days, and 14 days) provide more confidence about the
most stable form identified so far. These experiments were done using a 1 : 1 physical
mixture of crystalline Form IIT and Form VI suspended in water and buffer at pH 7.4.
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Table 3.8 Results of 400 mg crystallization experiments (screen type “Form Evaluation

Screen”).
TG weight loss
XRPD and identification of
crystallinity DSC melting point residual solvents
Solid Form I hydrate High Broad endotherm at 4.1% up to 100°C
100°C (water)
Endotherm at 163°C
Mp at 173 °C (relates
to Form III)
Solid Form II hydrate Medium 2 endotherms at40°C ~ 5.7% up to 80°C
and 70°C (water)
Sharp melting point
at 171 °C (relates to
Form III)
Solid Form III High Sharp melting point  0.6% up to 210°C
anhydrous at171°C
Form IV hydrate Medium Broad endotherm at 4.4% up to 200°C
88°C (water)
Broad exotherm at
119°C
Broad endotherm at
approximately 165°C
Mp at 180 °C
Form V solvate High Broad exotherm at NA due to less material
131°C
Sharp mp at 171°C
(relates to Form III)
Form VI anhydrous High Sharp mp at 186 °C 0.4% up to 210°C
Chloride compound Very low Very complex diagram  Not applicable
form with several peaks
Citric acid compound High Sharp mp at 163 °C 0.8% up to 140 °C

form anhydrous

All X-ray pattern collected on the materials coming from these slurry experiments
showed only reflection peaks of Form VI, which could be explained by a conversion
of the metastable Form III to the more stable Form V1.

Subsequently, the CMC data set of Form VI had to be completed by sorption
isotherms, mechanical and chemical stability experiments, solubility, and intrinsic
dissolution rate.

The crystalline citric form, most likely a cocrystal (not confirmed), which was
first crystallized within the HT screen and then reproduced in 2 g scale, may offer
a chance for improvement in solubility. A complete characterization including an
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extensive solubility screen of the citric acid compound form was conducted for a
better comparison to the free Form VI.

For Compound A, the citric acid compound (CI Form) did not show a clear
solubility advantage for DEV activities. In addition, slurry experiments of the CI
Form in water hinted at the disproportionation of the crystalline material in free
compound Form VI and citric acid after 30 minutes, which was seen in the XRPD
pattern of the filtrated slurry material. Therefore, the chemical stability of the
CI Form in water was not given and this may cause major difficulties within the
manufacturing and formulation DEV.

The most critical issue of the solid materials of Compound A is the low solu-
bility, which may require higher formulation efforts to support animal studies
and clinical trials. As a consequence, this can have an impact on timelines and
costs. Therefore, the calculation of a preclinical dose number pDo is helpful for a
better assessment of the pharmaceutical DEV strategy [22]. The dose number is
defined as

Do = dose/[Cs * 250 ml] (3.1)

with dose being the estimated human dose and Cs being the saturation concentra-

tion and can be calculated according Eq. (3.1) for any solubility data point. A dose
number <1 indicates excellent solubility related to high drug exposure, high dose
numbers are associated with poor solubility and low bioavailabilities which require
additional formulation efforts [23]. The dose number provides a more robust assess-
ment of the most appropriate pharmaceutical DEV strategy. Especially of interest
are dose numbers in bio-relevant media. The estimated human dose (EHD) for com-
pound A is 50 mg once daily. Low to moderate solubility is detected in simulated
intestinal fluids FaSSiF and FeSSiF media, with corresponding dose numbers of Do
(FaSSiF) = 25 and Do (FeSSiF) = 4, respectively. For Compound A with dose num-
bers of 25 and 4, a pharmaceutical DEV strategy with moderate complexity can be
expected.

The results of all relevant solid-state properties of solid Form VI and the CI Form
are summarized in Table 3.9 for a head-to-head comparison, and each property is
classified in one of the different categories defined in Table 3.3.

Due to tight timelines, no additional crystallization experiments were planned
because a suitable solid form for DEV had to be delivered in a short time.

Before the final decision regarding solid form can be made, a bridging PK
study using Form VI had to be done in order to show bioequivalence to the data
obtained using the first batches (amorphous and/or low crystalline Form I). This
experiment (rat-PK, po-administration, low dose) turned out to be successful for
Form VI.

After detailed discussion within the solid-state expert group, a separate CMC-team
meeting had to be set up to present all the data to the colleagues from the DEV
Department (Chemical-, Pharmaceutical-, and Analytical DEV). The goal of this
meeting was to achieve a consensus between RES and DEV regarding solid form
selection for DEV.
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Table 3.9 Head-to-head comparison of solid form properties of Form VI and citric acid

compound form.

Physicochemical Citric acid

properties Form VI compound form

Crystallinity Ideal Ideal

thermal behavior Ideal Ideal

(MP)

Weight loss (TG) Ideal Ideal

Hygroscopicity Ideal Ideal

(0-90% r.h.)

Polymorphism 2 anhydrates known so far No other form known so far

Solubility pH1-3 pH4.5-10 pH1-3 pH4.5-10
acceptable undesirable acceptable undesirable
FaSSiF FeSSiF FaSSiF FeSSiF
undesirable acceptable acceptable acceptable

Dose number Acceptable Acceptable Acceptable Acceptable

(EHD = 50 mg)

Intrinsic dissolution pH 1 ideal pH3-pH7.4 pH 1 ideal pH3-pH7.4

undesirable undesirable
Solid-state chemical Ideal Ideal

stability

Polymorphic stability Ideal
slurry in water and
pH7.4

Solid-state
mechanical stress

Ideal

Ideal - Form VI can be
Feasibility in reproducibly manufactured
chemical
development

Undesirable (disproportionation in
the free compound Form VI and
citric acid)

Ideal

Undesirable problems with isolation

Eventually, all CMC data including the basic properties of compound A were
reported in a comprehensive RES document that summarizes all aspects of the
compound (e.g. pharmacological profile, pharmacokinetic data, and nonclinical

safety properties).

List of Abbreviations

API Active Pharmaceutical Ingredient

BZ benzoic acid

CI citric acid

CMC Chemistry, Manufacturing, and Control
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CP

CSP
DEV
DMSO
DSC
DVS
EHD
FaSSiF
FeSSiF
FU
HBP
HBr
HCL
HPLC-MS
HPLC-UV
HT

IC
IR-spectrometer
LML
LO

MA
MC

mp
NCE
pDo

PH

PK

po

RES

SC
SSNMR
SU

TA

TDI

TG
XRPD

References

candidate profiling

crystal structure prediction
development

dimethylsulfoxide

differential scanning calorimetry
dynamical vapor sorption

estimated human dose

fasted state simulated intestinal fluid
fed state simulated intestinal fluid
fumaric acid

hydrogen bond propensity
hydrobromic acid

hydrochloric acid

high-performance liquid chromatography-mass spectrometer
high-performance liquid chromatography-ultra-violet detector
high throughput

ionic chromatography

infra-red spectrometer

(L)-malic acid

lead optimization

malic acid

molecular complementarity

melting point

new chemical entity

preclinical dose number

phosphoric acid

pharmacokinetics
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succinic acid
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sulfuric acid
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4.1.1 Microscopy

Microscopy is widely used in the field of industrial and physical pharmacy as an
analytical tool with applications in different stages of product development. Its use
extends from early pre-formulation and research to formulation and manufacturing
stages. Microscopy techniques are used in the pharmaceutical industry for four main
purposes: solid-state characterization, size and shape analyses, and identification of
contaminants. Other applications have been explored in recent years, e.g. the inves-
tigation of particle interactions with atomic force microscopy (AFM). However, the
abovementioned applications are more established in the area and routinely used in
development.

Microscopy techniques can be grouped into three main categories depending on
the imaging principles: optical, electron, and scanning probe microscopy. Optical
microscopy relies on the detection of refracted, diffracted, and reflected light pro-
duced after interaction of the electromagnetic radiation with the sample. In electron
microscopy, an electron beam interacts with the sample with a variety of differ-
ent mechanisms and produces a complex set of signals which are used to obtain
a magnified image. On the other hand, scanning probe microscopy involves interac-
tion/contact between a scanning probe and the surface of the sample. The principles
and applications of these three microscopy techniques are described in more detail
in the following sections.

4.1.1.1 Optical Microscopy

Optical or light microscopy uses visible light to irradiate samples. When light inter-
acts with the sample, it can be reflected or transmitted and, in the process, may
lose some of its energy to the sample. The complexity of these interactions allows

Solid State Development and Processing of Pharmaceutical Molecules: Salts, Cocrystals, and Polymorphism,
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for the versatility and power of the microscope. Two types of light microscopes are
commonly used: simple microscopes that use a single lens for magnification and
compound microscopes that use several lens. The majority of equipment are com-
pound microscopes which combine two lenses, the objective lens and the eyepiece
(or ocular), that work together to produce a magnified image of an object (typically
up to 1000x). The magnification is dependent upon the shape and size of the lens,
the distance from the object to the lens, the distance of the image from the lens, and,
of course, the size of the object. Other important components of the microscope are
the condenser lens, the lamp, filters, polarizers, retarders, and the microscope stage
and stand with coarse and fine focus dials.

The main use of optical microscopes is solid-state analysis. Pharmaceutical appli-
cations range from simple images of drug substance or drug product to investigate
particle size and shape to optical crystallography. Pharmaceutical applications
depend on the illumination technique used. The following section will focus on
the application of traditional techniques - bright-field, dark-field, and polarized
light microscopy (PLM) - as well as others that may be relevant in the context of
pharmaceutical sciences [1].

4.1.1.1.1 Bright-Field Microscopy

Bright-field illumination (dark sample in a bright background) can be used to
observe the color of drugs as a result of white light absorption. That can be seen in
both reflected and transmitted light. Despite color being an important attribute for
identifying compounds, it is important to point out that the observation of color is
dependent on the light source used and whether we are looking in transmission or
reflection mode. In the case of crystalline drugs, observation under the microscope
may also give information on the crystal shape and habit which may be useful to
identify different polymorphs.

There is an important difference between habit and tracht [2]. Both together
describe the external morphology of a crystal. Habit corresponds to the charac-
teristic of the external crystal form (e.g. isometrical, planar, or prismatic) and
the ratio of the size of the faces that leads to the formation of rod-, flake-, or
needle-like crystals, while tracht refers to the number and occurrence of crystal
faces. Agglomeration/aggregation of primary particles can also be observed with
a light microscope. The tendency of particles to stick together and form larger
entities is important in formulation development because these can impact flow
properties and the downstream process. These observations also help the process
engineer in the final crystallization process. Twinning, the formation of crystals
that share a crystallographic face, is not uncommon in pharmaceutical crystals and
can also be detected with a microscope. However, the presence of twinned crystals
rarely has an impact on bulk powder properties. On the other hand, the observation
of cleavage planes is important if the crystals show preferential breakage along a
particular face. For example, a study with paracetamol showed that Form I cannot
be used in direct compression due to the way it cleaves apart, while Form II can
[3]. Surface texture, which is often related to solvent loss during crystallization
or polymorphism, can also be observed with the light microscope. In the case of
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polymorphism, small crystals are often observed growing on the surface of the
sample, e.g. during stability tests, and this indicates conversion of a less stable to
a thermodynamically more stable form. Evaluation of sample transparency can
also be helpful in development since the majority of crystalline drug substances is
transparent. Sample opacity is often attributed to inclusion of gas or liquid in the
lattice during the crystallization process which, in turn, is dependent on the type
of solvent system used, stirring speed, or the presence/lack of seeding. Therefore,
evaluation of sample transparency can add valuable information to optimize the
crystallization process.

4.1.1.1.2 Dark-Field Microscopy

Dark-field conditions are obtained by illuminating the specimen at an oblique angle
such that direct, nondiffracted radiations are not collected by the objective lens. As
a result, a dark background is observed and bright objects are viewed. This illumi-
nation technique is useful to examine parenterals when looking for foreign particles
because these are easier to observe in that type of lighting. The main disadvantage of
dark-field microscopy is that it requires strong illumination which can damage the
sample.

4.1.1.1.3 Polarized Light Microscopy

PLM is a contrast-enhancing technique that provides improved quality images for
birefringent compounds when compared to bright-field and dark-field illumination
techniques. Polarization of light refers to limitations on the direction of wave oscilla-
tion imposed by a filter (polarizer) that only allows light oscillating in one direction
to pass. The polarized light microscope is used to observe compounds that are visible
primarily due to their anisotropic character, i.e. due to their optical properties being
dependent on the direction of light. To accomplish that, the microscope must be
equipped with two polarizers that are placed in the optical pathway, before (polar-
izer) and after (analyzer) the sample. The contrast-enhanced image results from the
interaction of polarized light with a birefringent, or double-refracting, sample. From
that interaction, two individual waves are formed: the ordinary and extraordinary
waves. The velocity of these waves is different and varies with the propagation direc-
tion through the sample. They are ultimately recombined upon entering the second
polarizer, the analyzer, and the resulting interference, constructive or destructive, is
responsible for the final image.

Some of the applications of PLM in the pharmaceutical field are similar to those of
bright-field illumination. For example, PLM can be used to provide information on
absorption color and optical path boundaries between crystals with different refrac-
tive indices. The greatest advantage of PLM is that it can also distinguish between
isotropic and anisotropic materials and explore the optical properties of the latter to
elucidate structure and composition of the materials.

To better understand this specific application of PLM, let us first introduce some
important concepts. Materials can be classified into isotropic or anisotropic depend-
ing on the optical properties that they present when light passes through them.
Isotropic materials have equivalent optical axes that interact with light in a similar
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manner. Light that enters the isotropic material is refracted at a constant angle and
passes through it at a single velocity. Examples of such compounds are cubic crystals
and amorphous compounds. On the other hand, anisotropic materials have optical
properties that vary with the orientation of the incident light with the crystallo-
graphic axes. They show a range of refractive indices that depend on the propaga-
tion direction of light through the sample and on the vibrational plane coordinates.
Anisotropic crystals are further subdivided into uniaxial - the refractive index (RI) of
one axis is different from the other two - or biaxial - having three refractive indices
corresponding to three principal optical axes of the crystal. Tetragonal and hexag-
onal crystals are uniaxial, whereas orthorhombic, monoclinic, and triclinic crystals
are biaxial.

Identification and structure elucidation of these materials can thus be done by
exploring and determining the different refractive indices of samples. For materi-
als with only one RI, cubic crystals, and amorphous materials, a very simple and
straightforward test is used (Becke line test) [4]. The sample is mounted in differ-
ent reference liquids of known RI, and the contrast between particles and liquid is
evaluated. When the refractive indices of particle and liquid are the same, it is not
possible to distinguish between them since there is no refraction of light at their
interface. The RI is thus determined by comparison. For uniaxial (two refractive
indices) and biaxial crystals (three refractive indices), determination also requires
comparison with reference liquids of known RI. However, these are significantly
more complex because the different indices must be measured at the extinction posi-
tions, where the vibration direction of the crystal is aligned with the direction of the
crossed polarizers.

Determination of the RI is important not only for identification purposes and
investigation of polymorphism but also for the optimization of laser diffraction par-
ticle size methods that use the Mie theory. This theory requires knowledge of the
average RI of compounds for accurate particle size measurements, as demonstrated
in previous studies with Lisinopril and Enalapril Maleate particles [5]. In these stud-
ies, the RI of particles was determined with Saveyn’s method [6], validated with
the Becke line test, and used with Mie theory to determine the size distribution of
particles. The size distributions obtained with the RI determined with both meth-
ods were very similar. However, when size distribution was obtained with Fraun-
hofer approximation, which does not include RI in calculations, the fine fraction
was greatly over-reported. In addition to RI and birefringence determination, images
obtained with PLM also provide information on interference colors, extinction posi-
tion, and angles, among other properties, which are distinct features of anisotropic
crystals.

Evaluation of birefringence and interference colors is particularly relevant in the
context of stability testing of amorphous pharmaceuticals since these materials can
crystallize during storage, due to their inherent metastability. PLM can thus be used
to detect onsets of crystallization by monitoring the appearance of spots in the sam-
ple that show birefringence and interference colors [1, 7, 8]. Figure 4.1.1 compares
the typical optical characteristics of amorphous and crystalline materials observed
with the polarized light microscope.
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Figure 4.1.1 Polarized light microscope images of (a) crystalline drug particles (b)
amorphous material.

4.1.1.1.4 Other Optical Microscopy Variants
In addition to the microscopy techniques described above, several variants of light
microscopy are developed for specialized purposes.

Thermal Microscopy (or Hot-Stage Microscopy) Thermal microscopy refers to a vari-
ant of microscopy where a heating and/or cooling stage is adapted to an optical or
electron microscope. Evaluation of the effect of temperature on the physical and
crystallographic properties of samples can be very useful to understand the nature
of hydrates, polymorphs, and solvates. Although thermal microscopy is not the only
way to investigate the thermal behavior of compounds, its greatest advantage over
the others is that phase transitions are observed directly. These direct observations
help interpreting the phase transitions detected by other techniques such as differ-
ential scanning calorimetry, thermal gravimetric analysis, and other thermal tech-
niques. The most relevant applications of thermal microscopy are determination of
melting behavior and temperatures [9], solid-liquid and solid-liquid-solid phase
transitions [10], dehydration, and desolvation [11].

Confocal Microscopy Confocal microscopy improves the depth of field of the micro-
scope, without compromising resolution, by means of using spatial pinholes, in
front of the objective and condenser, to block stray light and isolate only light that
comes from the feature of interest. The laser scanning confocal microscope is able
to capture two-dimensional images at different depths in a sample, which allows
re-construction of three-dimensional structures within an object. The technique
is typically used with fluorescent or fluorescence-stained materials, although that
is not an absolute requirement. Since most drugs are not naturally fluorescent or
easily stained, its application in pharmaceutical development is limited. Neverthe-
less, confocal laser scanning microscopy has been used, e.g. to determine the film
thickness and coating quality of microparticles [12].

Fluorescence Microscopy The fluorescence microscope is alight microscope that mea-
sures the emission of fluorescence by samples that naturally fluoresce or are stained
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with a fluorescence probe. Fluorescence microscopy has been used to evaluate the
distribution of the drug substance in tablets in cases where the drug naturally flu-
oresces, but it is more commonly used for topical drug products [1]. The reason for
that is that there are better imaging techniques for tablets and capsules and because
the cellulose excipients generally also fluoresce in the wavelength of interest and
interfere with the drug substance. Fluorescence imaging has also been used in the
analysis of spatial distribution of drug and carrier and in the characterization of cel-
lular barriers to drug penetration [13].

Freeze-Dry Microscopy A freeze-dry microscope basically combines a cold stage,
designed to work in vacuum, with an optical microscope. This microscope is mainly
used to understand and determine critical parameters in the lyophilization process,
such as the cake collapse temperature and ice morphology during the sublimation
cycle [14].

4.1.1.2 Electron Microscopy

In electron microscopy, instead of electromagnetic radiation, an electron beam is
used to interact with the sample and produce the magnified image. The most com-
mon types of electron microscopy, in the pharmaceutical field, are scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) coupled to SEM and
transmission electron microscopy (TEM).

4.1.1.2.1 Scanning Electron Microscopy

The SEM is widely used in pharmaceutical development for both drug substance
and drug product. The major application is the examination of size and shape of
both individual particles of drug substances or individual components of drug
products. The technique may be considered quantitative in the sense that size and
shape of particles are measured using image analysis, although most applications
are qualitative.

In SEM, electrons are accelerated toward the sample and interact with the speci-
men with a variety of different mechanisms, producing a complex set of signals (e.g.
backscattered electrons (BSE), secondary electrons (SE), Auger electrons, X-rays,
etc.) which are captured by different detectors. SEM images are obtained by col-
lecting the signals that result from interaction of the sample with the electron beam
that scans its surface. Magnification is dependent on the sample area scanned by
the beam and the size of the monitor. Although higher magnifications are obtained
when the beam scans a small specimen area, the damaging effects of the electron
beam are also greater due to an increase in overall energy per cm [2]. With respect
to resolution, depending on the type of microscope, SEM can achieve resolutions
of a few nanometers only. High resolutions are achieved with small electron beam
diameters, high current, and low convergence angle [1, 15].

In order to manipulate the incident beam of electrons and minimize unwanted
interactions, the column that directs the electrons to the sample should be at
high vacuum. Low-vacuum SEMs are also available and, in fact, are very useful in
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pharmaceutical development for a number of reasons. Contrary to high-vacuum
SEMs, low-vacuum microscopes can be used to image wet samples, electrically
nonconductive compounds, and do not require additional coating of samples. The
absence of coating is particularly advantageous in elemental analysis of samples
using SEM-EDS.

As mentioned above, the interaction of incident electrons with the sample
produces several signals. Those with more application to pharmaceutical devel-
opment are BSE, SE, and X-ray emission. The latter will be discussed in the
next section. BSE are electrons that are reflected back to the pole piece of the
SEM after interacting with the sample. The yield of BSE increases for higher
atomic number elements and with lower beam energy. Therefore, the images
obtained with these electrons are based on atomic number differences. Because
of that, BSE are preferred when doing X-ray mapping with SEM-EDS or metal
contaminant identification. For example, BSE signals are very useful for studying
the distribution of different tablet components in whole tablets. The downside
of BSE signals is that they are much less sensitive to sample topology. Although
image resolution is also lower with these electrons, the impact is not signif-
icant since the majority of drug or excipient particles are on the micrometer
range.

SE emission results from interaction of the electron beam with valence electrons
in the outer shell of the sample atoms. These electrons are knocked out of the atom,
travel through the sample, and escape the surface. The yield of SE emission is not
very sensitive to composition and atomic number. However, SE yield increases with
lower beam accelerating voltage. This relationship is very useful for analyzing non-
conductive materials, such as most organic compounds, that otherwise would have
to be coated, e.g. with gold, to avoid charging problems. By reducing the accelerating
voltage, it is possible to reduce the charging effect. Another advantage of SE emis-
sion is that it is very sensitive to irregularities in the sample surface and, therefore,
produces high-resolution images [1, 15].

As previously mentioned, SEM is widely used in pharmaceutical sciences for eval-
uation of morphology, size, and shape of particles. Figures 4.1.2 and 4.1.3 show two
examples where SEM was used to investigate the morphology of individual parti-
cles in formulations developed for dry powder inhalers (DPI): composite particles
(Figure 4.1.2) and lactose carrier-based formulations (Figure 4.1.3). The SEM image
of Cu, Zn-superoxide dismutase composite particles (Figure 4.1.2) was acquired to
evaluate the shape of the individual particles and confirm that their size is within an
acceptable range for efficient lung deposition (lower than 5pm) [16]. On the other
hand, Figure 4.1.3 shows an SEM image obtained for a lactose carrier-based for-
mulation. In this image, it is possible to observe the presence of fine particles of
lactose and drug adhered to the surface of the coarse lactose particles which act as a
carrier.

SEM and microscopy techniques, in general, can also be used as auxiliary tools
in quality control since they can provide information on batch homogeneity and
batch to batch variability. Figure 4.1.4 shows a great example of such application.
The SEM images obtained for different doxycycline monohydrate batches supported

97



98

4.1 Solid-State Characterization Techniques: Microscopy

, > |
™ e

‘Dr_0

)\5 Y
" : > : ‘.I-‘*""".
o 2 '

W=  1pm  MicroLab
15.0kv SEI SEM

Figure 4.1.2 SEM image of Cu, Zn-superoxide dismutase composite particles containing
trehalose and leucine.

the particle size results obtained by laser diffraction, which showed significant vari-
ability between the two batches.

Energy-Dispersive X-ray Spectrometry Coupled to SEM EDS is used with SEM to pro-
vide chemical information on the samples, in addition to imaging. EDS is based
on the physical principles of electron interaction with specimen to produce X-rays
of two types: Bremsstrahlung X-rays, also known as continuum X-rays, that result
from deceleration of the incident electrons upon interaction with the atomic nucleus
(background signal) and characteristic X-rays that result from relaxation of excited
atom electrons to the ground state after removal of inner electrons that were knocked
out of the atomic orbital by incident electrons. These characteristic X-rays are the
basis of EDS analysis. Since different atoms have different distribution of electrons
in their orbitals, the possibility of transitions to the ground state is also different.
As a result, the intensity and energy of the X-rays generated are characteristics of
each atom and so is the X-ray spectrum collected. Unfortunately, the resolution
of SEM-EDS is low; therefore, it is inevitable that X-ray peaks of different atoms
will overlap. EDS can only detect elements with atomic number between Beryllium
(4) and Uranium (92). Light elements are particularly difficult to detect because
they are not easily ionized and emission of X-rays is less likely to occur. Further-
more, the low wavelengths generated by light elements are easily absorbed by the
sample [17].



4.1.1 Microscopy

— 10le “MicroLab
20.0kv SEI SEM

Figure 4.1.3 SEM image of particles in a carrier-based formulation for DPI. The
formulation contains fluticasone propionate, fine and coarse lactose monohydrate particles.

Batch 1 Batch 2

100x
~=100pm

== 100um

3000X g9
dim

Figure 4.1.4 Comparison of particle size distribution of two different batches of
doxycycline monohydrate using SEM and a laser diffraction method.

SEM-EDS is extensively used for qualitative elemental identification and distribu-
tion in a drug or drug substance. Spot mode should be used for elemental analysis to
allow focusing the electron beam in one spot without rastering. Because the intensity
of the electron beam is very high using spot mode, sample integrity should be moni-
tored and sample damage should be minimized. On the other hand, the accelerating
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beam voltage should be sufficient to excite the high energy orbitals of all elements
present. Therefore, an adequate balance is required. Sample preparation is simple,
and analysis is relatively easy to do with current available software that assign ele-
ments automatically to the X-ray peaks in the spectrum [1].

The main application of EDS in the qualitative mode is the identification of con-
taminants and/or foreign particles [18, 19]. If the particle/spot under investigation
is present in a tablet, the whole tablet should be mounted on the sample holder. If
the particle is dispersed in a liquid, as in the case of pharmaceutical solutions, the
solution should be filtered and the sediment is mounted onto the SEM holder. In the
pharmaceutical industry, it is very useful to use SEM-EDS when unwanted spots
are present in tablets, in cases where the powder or granule formulation contains
foreign particles or, e.g. when the feed solution used in a spray-drying process con-
tains undissolved material. In such cases, it is advisable to do an elemental analysis
of potential sources of contamination for comparison purposes and to help assign
a root cause of contamination. Equipment parts, such as rubber o-rings and metal
components, starting raw materials or solvents from the reservoir are often consid-
ered for analysis in cases where foreign particles are detected.

Although the SEM and EDS were not designed with the purpose of quantifica-
tion, quantitative analysis is also possible. That is because the X-ray counts are
directly related to the concentration of each element in the sample. Unfortunately,
quantification of elements cannot be done simply by determining ratios of peak
areas and intensities. To improve accuracy of quantification, elemental standards
must be analyzed under strictly controlled operating conditions, followed by
sample analysis under the same conditions. Standardless analysis can also be done,
but the errors associated may be significant. The American Society for Testing
and Materials (ASTM) provides a “Standard Guide for Quantitative Analysis by
Energy-Dispersive Spectroscopy” that covers recommended procedures for ele-
mental quantification, including the methods that use standards and standardless
methods [20].

SEM-EDS can also be done for elemental mapping of samples. In this application,
the location of each element in the sample is represented by a different color on the
image [21]. This mapping technique is usually superimposed onto the original SE or
BSE image.

4.1.1.2.2 Transmission Electron Microscopy

In TEM, a beam of electrons is transmitted through the sample for imaging. After
passing through the sample, the electrons are detected directly in a fluorescence
screen, a layer of photographic film or a sensor attached to a charge-coupled
device. Samples must be thin, in the order of 100-200 nm, and must be stable in
an intense electron beam. Sample preparation is very demanding and may induce
changes in the specimen. Because of these requirements and issues, application in
pharmaceutical development is limited. TEM is commonly used in microbiology
and for the study of cells morphology and chemistry (using EDS). In physical
pharmacy, the most important application is size and morphology evaluation of
nanoparticles [22].
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4.1.1.3 Atomic Force Microscopy

AFM is the principal member of the scanning probe microscope family. AFM is
a high-resolution imaging technique that uses a small tip prefabricated onto a
cantilever to probe the surface of samples and provide topographical information.
Since a small tip is used to scan the surface of samples, the requirement to focus light
or electrons, as with light and electron microscopy, is eliminated. This overcomes
the Rayleigh criterion resolution limit, allowing imaging and resolution in the
nanometer, and sometimes atomic range [23]. The instrument operates in three
modes: contact mode, tapping mode, and noncontact mode.

In contact mode, the probe (cantilever and tip) is brought into contact with the
sample, until a small deflection of the cantilever, corresponding to a repulsive force
(the set point), is detected via a displacement on the photodetector. The cantilever
moves along the surface of the sample maintaining that set point force. If too
much or too little force is detected, the height of the scanner is adjusted through
a feedback loop. That avoids damage to the sample and/or tip. Tapping mode
is as widely used as contact mode. In tapping mode, the cantilever is oscillated
at its resonant frequency during scanning to minimize potentially damaging
lateral forces being exerted on the sample. Measurements are done only at the
moment of contact with the sample, and when the sample surface is scanned,
the tip is safely retracted. Tapping mode is often used to image delicate biological
samples.

Different signals can be acquired at the same time as topography images. For
example, in contact mode, the error signal and the friction response may be
obtained. In tapping mode, in addition to the error signal, the phase image and
amplitude image are obtained. These modes often provide more visual contrast
than the topographic images collected simultaneously. In addition to imaging,
force data can be obtained by pushing the tip into or pulling the tip away from the
sample surface. Force measurements, when combined with the scanning capability,
produce local physical property maps that provide information on indentation,
Young’s modulus [24], adhesion, and friction.

A wide variety of probes are available depending on the application. These vary
in the type of material that they are made of, shape of the cantilever, and tip. Small
entities, such as cells or polymer spheres can also be adhered to a tipless cantilever to
provide biological functionality or defined contact geometries. It is also possible to
attach ligands on the tip and map receptor-binding sites on cell/substrate surfaces,
whilst acquiring simultaneously topographic images. Probes can also be coated on
the top side to increase laser reflection, on the underside to allow chemical function-
alization and both sides. Florin et al. first used functionalized AFM tips and surfaces
to measure forces between biotin-avidin ligand-receptor pairs [25].

Most applications in pharmaceutical sciences are related to structural biological
studies, e.g. mapping of ligand-receptor binding on cell surfaces, investigation
of protein-protein interactions or even research on cancer or other diseases.
However, some applications to solid-state analysis and physical pharmacy are also
found [23].
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AFM has been used to investigate several aspects of tablet coating, as well as
topographic features that impact dissolution of tablets. Studies conducted on
tablets proved to be useful to obtain topographic information, quantitative surface
roughness, and surface area measurements [26]. Data on porosity and distribution
of components in tablets may also be obtained. In addition, it can be used to
examine the quality of film coatings and film uniformity on the tablet surface [27].
Regarding dissolution of pure drugs, AFM was used to investigate the dissolution
process, particularly the mechanisms involved in surface morphology changes
and etching patterns [28]. Correlations between dissolution rate and topographic
features have also been found with the help of AFM for aspirin crystals [29].

Crystal growth and polymorphism can also be investigated with AFM. The
technique has been used to monitor the step growth and two-dimensional nucle-
ation rates of lysozyme crystals. The impact of supersaturation on step growth was
also investigated [30]. AFM was used to study the kinetics of crystallization from
amorphous drugs (nifedipine) with and without polymer [31]. With respect to
polymorphism investigation, several studies have been reported in the literature,
such as [32].

AFM is excellent for visualizing particles in the nanometer range allowing quan-
titative size measurements. Since the equipment allows measuring distances in all
three axis, parameters such as diameter, volume, and surface area can be calculated.
Because surface properties and particle dimensions are easily obtained, AFM is suit-
able to evaluate nanoparticle stability with time [33].

In inhalation sciences, AFM has applications that range from the investigation of
adhesive and cohesive forces in DPI systems [34] to the evaluation of capsule rough-
ness (Figure 4.1.5) and its impact on the emitted dose from the capsule.

The list of applications is extensive, but the examples provided above demon-
strate well the invaluable contributions that AFM can provide to pharmaceutical
development.

Figure 4.1.5 AFM image of the surface of clear (on the left) and colored (on the right)
capsules typically used in dry powder inhaler (DPI) formulations.
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4.1.1.4 Microscopy in Regulatory Documents

In an effort to standardize the nomenclature, vocabulary, and procedures used,
regulatory authorities created a series of guidelines to help harmonization within
the microscopy community. Of particular relevance, in the pharmaceutical field, are
the European Pharmacopeia (Ph. Eur. 2.9.37) [35], the United States Pharmacopeia
(USP <776>) [36], and the Japanese Pharmacopeia (JP 3.04) [37] that dedicate
separate chapters or sections to optical microscopy and its application to particle
characterization. The pharmacopeias are harmonized, and so the recommendations
and guideline texts are similar in all three. In addition to instrumentation and
recommended operation procedures, the guidelines provide standard terminology
and recommendations for particle size, crystallinity, and shape characterization.
The documents also describe a limit test of particle size by microscopy. Although
the guidelines apply specifically to optical microscopy, they can clearly apply to
SEM, as well.

In addition to the optical microscopy chapter, the USP has a separate chapter on
SEM (USP <1181>), which provides an overview of the common microscopy tech-
nologies and techniques [38]. This chapter includes a section on X-ray generation
and elemental compositional analysis.

Other regulatory documents that refer the use of microscopy in a pharmaceutical
quality control context are ICH (International Conference on Harmonization)
guidelines Q5A(R1) [39] on and ICH Q6A [40]. The first is a guideline on “Viral
safety evaluation of biotechnology products derived from cell lines of human or
animal origin” which recommends using electron microscopy in retroviruses testing
for cell line qualification. Regarding ICH guideline Q6A on “Specifications: test
procedures and acceptance criteria for new drug substances and new drug products:
chemical substances,” the text recommends different techniques, including optical
microscopy and hot-stage microscopy, for the investigation of polymorphism in
drug substances.

List of Abbreviations

AFM atomic force microscopy

ASTM American society for testing and materials
BSE backscattered electrons

DPI dry-powder inhalers

EDS energy-dispersive X-ray spectroscopy
ICH International Council for Harmonization
PLM polarized light microscopy

RI refractive index

SE secondary electrons

SEM scanning electron microscopy

TEM transmission electron microscopy

USP United States pharmacopeia
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4.2.1 X-ray Diffraction

4.2.1.1 Introduction

The principle of diffraction is known to many analytical chemists from the
diffraction gratings in optical spectrometers used to discern between wavelengths
of light between the infrared and ultra-violet. In these, reflection of the incoming
light takes place on a regular pattern of structures which size is in the same order
of magnitude as the wavelengths. Interference of the reflected (diffracted) beams
result in a diffraction pattern, where certain wavelengths can just be observed
at certain angles. The effect, therefore, can be used to disperse the wavelengths
of “white” radiation. Other commonly cited examples are the surface patterns
of compact discs and digital versatile disk (DVDs) leading to iridescent reflection of
white light.

The principle can be extended into three dimensions, which, for visible light, is
visible in the mineral Opal. The gemstones are composed of a close packing of reg-
ular spheres of amorphous silica, whose size is in the order of magnitude as visible
light - a few 100 nm.

The same effect works on the regular packing of crystals, which is in the order
of magnitude as X-ray radiation which is hence called X-ray diffraction (XRD). The
effect has been first postulated by Max von Laue 1912 and awarded Nobel Prize in
physics in 1914. Already in 1913 Sir William H. Bragg used the effect to solve crys-
tal structures, which he was awarded Nobel Prize for physics in 1915 together with
his son.

The determination of crystal structures for the pharmaceutical industry serves
basically two purposes: the determination and proof of a molecule’s structure and
the determination and examination of packing patterns of polymorphs, salts, cocrys-
tals, hydrates, and solvates thereof.

Solid State Development and Processing of Pharmaceutical Molecules: Salts, Cocrystals, and Polymorphism,
First Edition. Edited by Michael Gruss.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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4.2.1.2 Measurement Principles

It is not within the scope of this chapter to give a full-fledged overview about XRD
and its physical and mathematical background. But to understand use, applicability,
and limits of the technology, some terms shall be introduced here. The interested
reader should feel invited to consult the sources cited at the end of this excerpt for
deeper insight.

4.2.1.2.1 The Crystal Lattice

A crystal structure is described by the positions of atoms in a unit cell, which is
the smallest pattern, being repeated in all three dimensions to make up the crystal
lattice. Imagine millions of similar shoes stacked in their corresponding boxes in a
container. The form of the box or the container does not tell you much about what is
inside. It does, however, tell you the largest possible size, the shoes might be (as they
have to fit). And there are certain labels attached, which will tell you about certain
parameters like the color. The boxes contain two shoes of the same kind, which are
not identical as they are intended for the left and the right foot, they are chiral. The
box itself, however, is not chiral as it contains both “enantiomers” of the shoe.

In crystallographic terms, the form of the “box” is given by the so called “lat-
tice constants”: The length of the three edges a, b, ¢, and the angles between them
(a, B, y). Typically, you will also see a label telling you about the symmetry of the
unit cell: the crystal class (e.g. cubic, orthorhombic, or monoclinic) and the space
group. Generally, the crystallographers will not solve and report all the molecules in
the unit cell but only those, which cannot be derived from the symmetry elements.
In crystallographic terms, they report the contents of the asymmetric unit, all other
molecules of the crystal structure are symmetrically equivalent.

4.2.1.2.2 The Space Group Symmetry

Most crystal lattices also feature a certain level of symmetry. To come back to the
example of a shoe box, the “unit cell” would comprise an inversion center between
the two shoes. As symmetry further reduces entropy in the lattice, there has to be a
physical reason behind symmetry formation. For the molecule crystals in our scope,
this would for example be a favorable packing of dipole moments. Both entropy and
enthalpy of the packing obviously determine the thermodynamics of crystal forma-
tion and stability; therefore, it is worth to keep an eye on the spacegroup, e.g. when
comparing polymorphs.

The symmetry is described by certain symmetry elements, namely inversion cen-
ters, mirror planes, rotation, and screw axes. Only a limited set of combinations of
these elements are possible in a 3D repeating lattice. These are known to the crys-
tallographer as the 230 spacegroups [1].

The space group is of considerable interest for the crystallographer, but for the
solid-state analyst, it is more or less a set of operations applied in the background
to build up the 3D molecular arrangement. However, there are some bits of infor-
mation hidden here, which should be noted. First of all, there are chiral and achiral
spacegroups. A chiral molecule cannot crystallize in an achiral spacegroup (con-
taining symmetry elements that require mirror or inversion operations). Achiral
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molecules can crystallize in chiral spacegroups, though. This is not as uncommon,
as one would expect based on the entropy loss, the system experiences. A good and
common example would be right and left-handed quartz crystals.

On a molecular level, it means that the achiral molecule adopts a chiral confor-
mation. This is usually the case as the functional groups in the crystal lattice cannot
rotate freely as opposed to a solution. Typically, in a racemate, both enantiomers of
the chiral conformations are packed in a way that they will be connected via mirror
planes or such. But intermolecular interactions (e.g. hydrogen bond patterns) may
lead to 3D stacking of the same enantio-conformation to be more favorable. This
may also point to the possibility of polymorphs featuring achiral packing patterns.

4.2.1.2.3 What Determines a Diffraction Peak

First of all, it is important to understand that the diffraction of electromagnetic radi-
ation takes place on electron density rather than atom cores!. The diffraction pattern
resembles a Fourier transform of the electron density distribution. Thus, the X-rays
reveal the electron density distribution rather than the atom positions.

As has been mentioned, the inner three-dimensional structure gives rise to inter-
ference of the diffracted X-rays. For a given wavelength (4) and distance of diffraction
centers (d), constructive interference can just occur at certain defined angles. The
relation between the distance and the diffraction angle (9) has been formulated by
Bragg [2] and is widely known as Bragg’s law:

n-A=2dsin@ (4.2.1)

or alternatively:

A

2sin@

where n, an integer number represents the diffraction order. This basic version of
Bragg’s law can be used to calculate the “d-spacing” from powder X-ray patterns.

For crystallographic applications, the version of Bragg’s law cited above has to
be extended into the three dimensions, thus instead of a diffraction order on a sin-
gle one-dimensional lattice, we observe diffraction an different sets of lattice plains.
These are defined using the so-called Miller Indices h, k, and [ describing orienta-
tion of the respective lattice plain in the three dimensions as well as the respective
diffraction order. With these and the set of lattice constants, the diffraction angle of
every possible peak can be calculated.

The combination of the reflection positions determined by the lattice constants
and their relative intensities determined by electron density distribution is called
the diffraction pattern.

In case of certain symmetry elements, the repetition of electron density patterns
at regular intervals within the unit cell causes destructive interference and there-
fore can give rise for systematic absences of reflections (no intensity observed at

d=n (4.2.2)

1 In contrast, neutron radiation is scattered on atom cores and can therefore be used to determine
hydrogen positions with great accuracy. However, due to availability in industrial laboratories and
technical difficulties, it is not addressed in the scope of this chapter.
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theoretically possible positions). These systematic absences can in turn be used
to narrow down or determine the symmetry and therefore the space group of the
unit cell.

4.2.1.2.4 X-ray Scattering Technics

For the sake of completeness, it should be noted that there are scattering technics,
which are not dependent on the crystalline state. While the vast majority of
applications rely on the regular 3D arrangement, the X-ray beam itself does not.
Even in an amorphous state, certain distances will reoccur. Considering quartz and
silica glass, both materials feature the same principal arrangement of tip-connected
tetrahedra. They might be more distorted in the case of glass, but the same distances
between atoms will reoccur. Therefore, from the scattering pattern of amorphous
material, one can derive a statistic of reoccurrence of certain distances between
atoms (or more precisely: electron density maxima). This is called the atom pair dis-
tribution function or short PDF. Analysis of the same and comparison with known
crystal forms can reveal important information about the amorphous state. For
example, differences in amorphous arrangements (often dubbed polyamorphism)
or beginning crystallization.

Also, if one measures a bulk of (sufficiently small) particles, these will lead to
small-angle X-ray scattering. This is exactly the same effect of light scattering, which
is used to determine particle size distributions of pm sized particles. Small-angle
X-ray scattering using a shorter wavelength can be used to determine the size distri-
bution of nanoparticles. As X-rays penetrate the material, the effect also occurs and
thus can be used to characterize nanoscaled voids.

4.2.2 Technics

4.2.2.1 Single Crystal X-ray Diffraction

Single Crystal XRD serves the purpose of determining the arrangement of atoms in
a material, also called “solving” the crystal structure. The method allows a direct
determination of chemical identity including the absolute structure of molecules. It
also yields the packing pattern and identity and arrangement of other entities in the
structure-like counterions, water molecules, or co-crystal partners.

As the name suggests, single crystal XRD is the measurement of the diffraction
pattern of one single crystal. Depending on material and instrument properties, a
single crystal of suitable quality and size is necessary. The crystal has to be rotated
in virtually all three dimensions and reflections recorded at all possible angles.
The result is a set of thousands of individual reflections with their corresponding
relative intensities.

During structure determination, a model of atoms with their element specific elec-
tron density distribution is build and refined against the experimentally determined
data set. The fit between model and experimental data is reflected in various quality
parameters. Of which the most frequently cited ones are the internal R-value R,
(reflecting quality of crystal and data set), R1, and the weighted wR?. The widely
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accepted criteria for successful structure solutions are R1 <10% (and close to R;,,)
and wR? < 15%. The absolute structure can be derived as well based on the intensity
differences of reflections [3], which should be equivalent, which are condensed into
parameters like the Flack x [4] or Hooft y [5] values. However, depending on crys-
tal size and quality and on how well any disorder may be modeled, values slightly
above this limit may be acceptable; therefore, all these values will be assessed by the
crystallographer.

For organic, light atomic structures of small molecules and lab source copper radi-
ation, typically the crystal has to be between 100 and 300 pm in size. Recent develop-
ments in area detectors and X-ray sources gave rise to a significant reduction of these
figures, but growth of a suitable single crystal still represents the most important,
resource-consuming, and tedious step.

In a pharmaceutical setting, the single crystal structure solution serves as a proof
of absolute structure and a means for qualification of a reference for powder X-ray
diffraction (PXRD) patterns (see below). As a match of the PXRD pattern calculated
based on the crystal structure and the experimental pattern of a batch proves (poly-
morph and chemical) identity of the batch to correspond to the crystal structure.
This is important, as the single crystal manually and subjectively chosen for mea-
surement may correspond to a minor component of the batch.

4.2.2.2 Powder X-ray Diffraction

P-XRD or - as it is more commonly (but not quite correctly, as we are not diffracting
powders) called - X-ray powder diffraction (XRPD) is the strongest method to
characterize the crystallinity of a bulk of material. The powder typically comprises
millions of crystals in virtually all possible arrangements. Therefore, the Bragg
equation for all possible diffraction planes in the crystal is fulfilled for at least part
of the sample at all times. This eliminates having to rotate the sample through all
possible orientations and allows much simpler technical set-up of the instrument
and faster measurements. Geometrically, due to the arbitrary orientation, the
individual reflections of the single crystals get combined into diffraction cones [6]
observed as rings on a 2D detector. As explained later, most diffractometers feature
1D detectors (or integrate the rings of a 2D image into one dimension).

The details of sample preparation depend on the system used. But for all systems in
common, ideally the sample should be a fine powder with grain sizes below 10 pm.
Larger grain sizes often give rise to preferable orientation, especially in reflection
mode. Therefore, larger particles have to be ground or at least disintegrated, taking
care, not to induce phase transitions due to the energy introduction.

4.2.2.2.1 Alternative Methods for Structure Determination
In 2013, Prof. M. Fujita published a method [7] using a crystalline sponge as a means
to avoid the necessity of crystallization. For this method, a suitable single crystal of a
metal-organic framework (MOF) is used to take up (“soaking”) and align the analyte
molecules. Single crystal XRD of the soaked crystal reveals the absolute structure of
the molecules as in conventional structure determination.
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The crystalline sponge method has since been explored by many companies as a
substitute for conventional crystallization, especially as it offers to work with sub-
stance amounts as low as few nanograms [8, 9]. Another important fact is that the
method can be applied to substances, which at ambient conditions are liquid or
gaseous as well [10, 11].

Another possibility to reduce the crystal size necessary would be electron diffrac-
tion (ED, often dubbed cryo-ED, as the sample has to be kept at very low temperature
to avoid overheating). However, ED also is dependent on single crystals. While it
can - or rather has to - work on nanoscaled crystals, these still have to be single crys-
tals. Sample preparation and data evaluation are critical and require high degree of
expert knowledge. Thus, its application will be bound to those cases, where material
is available in larger scale, but single crystal growth is the limiting factor. It should
also be noted that data sets from ED intrinsically feature significantly lower quality
and completeness and thus their evidential value (in terms of a proof of structure) is
significantly lower if not questionable [12].

4.2.3 Instrumentation

4.2.3.1 X-ray Sources

The X-rays used in laboratory XRD equipment typically is produced by a sealed tube.
These make use of the effect of characteristic X-ray fluorescence triggered by the
Bremsstrahlung, which is emitted by the electrons of a cathode ray hitting a metal
anode. Thus, the spectrum emitted by a sealed tube consists of the “white” X-ray
Bremsstrahlung of the cathode beam superimposed with sharp characteristic fluo-
rescence peaks of the anode material. Obviously, the characteristic radiation emitted
is a spectrum by itself with three major peaks labeled K ,;, K », and K ;. The K -lines
are rather close in energy and often are superimposed in practical application. K,
features a distinctively higher energy and about 20% of intensity of the a-lines. The
most widely used anode material used for PXRD in the laboratory is copper, hav-
ing a wavelength Cu K, = 1.54056 A. Typically, the same material is now used in
single crystal X-ray diffractometers especially for organic molecules. Some instru-
ments, especially older ones, with smaller detectors or those tailored for inorganic
materials often use molybdenum as anode material. As single crystal instruments
typically are not equipped with monochromators, the resulting radiation is the com-
bination of the two K, lines with averaged wavelength Cu K,y = 1.54184 A and Mo
K yay) = 0.71073 A, respectively.

Radiation is emitted in all directions but will leave the X-ray tube through win-
dows, typically made of beryllium (to keep the vacuum in the cathode ray tube) in
divergent beams.

Unless a monochromator is used, the Bremsstrahlung will give rise to increased
background of the pattern. Also, unless a monochromator is used, the different char-
acteristic peaks of the anode material will lead to a pattern of diffraction peaks corre-
sponding to the respective wavelengths for every calculated position of the pattern.

a(av
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As this renders the pattern very difficult to interpret, there are various ways to avoid
the additional peaks or minimize their impact.

The best way is to use a monochromator in the primary beam, which can serve as a
focusing mirror at the same time and results in highly monochomatic radiation and
therefore high fidelity diffraction patterns. The set-up only works in transmission
geometries, though. In reflection mode, typically, monochromators in the secondary
(reflected) beam are used. These typically are less efficient though and will not be
able to discern closely adjacent K ; and K, lines.

K, may be reduced using a metal foil with corresponding X-ray absorbance.

As the relative intensities of the peaks are known, software of reflection diffrac-
tometers typically offers an option to programatically remove the additional lines
from the diffraction pattern.

4.2.3.2 Diffractometer Geometries

There are a number of different geometries available, but they can be divided into
two major groups: reflection and transmission geometries. Common features are an
X-ray source, typically a sealed tube. Common for all geometries, the powder pattern
as such is generally depicted as diffraction intensity vs. diffraction angle 26, which
is the angle between the primary and diffracted beams.

4.2.3.2.1 Reflection Geometry

Most diffractometers feature a reflection setup, as this is easier to produce and offers
high versatility. A divergent X-ray beam illuminates a powdered sample, which typi-
cally is horizontally arranged on the system. The reflected rays converge onto a circle,
on which the detector counts the reflected photons (see Figure 4.2.1a).

Typically, polychromatic radiation is used, which serves for very high primary
beam intensity. Also, the horizontal arrangement can accommodate a large variety
of samples including wet to liquid samples. Sample preparation is straightforward,
if the data quality is not a concern (e.g. for phase identification in pharmaceuticals).

Typically, one of two forms of sample holders is used: The standard sample hold-
ers are open cups being filled with a defined volume of powder. The size, namely
the diameter, depends on the instrument manufacturer. But most require 1-2 mm
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Figure 4.2.1 Schematics of the two basic geometries used in powder X-ray diffraction.



114

4.2 Standards and Trends in Analytical Characterization - X-ray Diffraction (XRD)

sample depth to fill completely, which can pose a problem, if sample amounts are
scarce. In such cases, zero-background holder may offer an alternative. These consist
of a flat plate of a nonreflecting material (typically specially oriented single crys-
talline quartz or silicon). These zero-background holders can ease the sample prepa-
ration significantly and require only minute amounts of material.

The reflection geometry is prone to sample preparation effects. Slight variations in
the sample height (underfilling, overfilling, surface roughness, misalignment of the
system, transparency of the sample packing) will lead to the X-ray’s being no longer
reflected on the center of the diffractometer. The effects are peak shifts and peak
broadening due to geometry due to loss of convergence at the detector position. Due
to peak broadening, signal-to-noise ratio will also decrease.

Some of these effects (e.g. due to the transparency of the packing) may be reduced
using zero-background holders. The low amounts of sample obviously mean lower
intensity as well.

Additionally, if polychromatic radiation is used, reflections are further broadened
and additional reflections might occur due to the spectrum of the X-ray source. Use
of a secondary monochromator can reduce these effects but reduce the signal inten-
sity significantly.

The sample preparation for reflection geometry in the majority of cases leads to
preferred orientation of the crystals. This is a very important effect, which will be
further discussed later in this section.

4.2.3.2.2 Transmission Geometry

In diffractometers working in transmission mode, the sample is illuminated from
the opposite side of the detector (see Figure 4.2.1b). The sample thus is a thin sheet
of packed powder between X-ray source and detector. The sample therefore is typ-
ically prepared in a thin layer between amorphous films of polymer. Transmission
diffractometers can only use nondiverging X-rays and therefore feature some kind
of optics, ideally including a monochromator (a single crystal, e.g. of Silicon). These
optics absorb a pronounced amount of primary beam intensity. This disadvantage,
however, is partly made up by the fact that no secondary monochromator is needed.
Also as the reflections do not have to converge onto the detector’s circle, larger detec-
tors may be used without significant loss of fidelity.

As the beam has to pass the sample packing, heavy elements (e.g. iodine) can sig-
nificantly reduce transparency of the sample down to complete absorption. Due to
the higher scattering power, such samples can typically be measured though using
a lower amount of powder. For highly absorbing samples, this might result in some-
what delicate sample preparation and the necessity to check transmittance of the
prepared sample before measurement.

On the upside, in transmission mode, many sample preparation effects do not
occur in transmission or are less pronounced than in reflection measurements (e.g.
surface roughness or the height error due to transparency). Therefore, in tendency,
transmission measurements are more reproducible than reflection measurements
and easier to handle in a quality controlled (QC) environment.
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4.2.3.2.3 Benchtop Diffractometers

Normal powder X-ray diffractometers are bulky equipment with about half a ton in
weight requiring high-voltage connection and an external chiller to cool the X-ray
source. Recently, manufacturers developed systems with much smaller footprint
comparable to gas chromatographs or other analytical devices. Some of these sys-
tems do not even require an external chiller.

Such a system is less versatile and does not feature the same level of X-ray power
and resolution as a full-fledged diffractometer but also come at a significantly lower
price. These systems mostly run in reflection mode (there is a very interesting trans-
mission diffractometer available from Olympus, which is even portable and has been
send to Mars with NASA’s Curiosity probe [13]) with all the ups and downs of reflec-
tion geometry.

Given the performance and set-up of benchtop systems, these can be used for
quick in-process control or identity testing. The data quality typically does not allow
for more sophisticated data evaluation like quantification or refinements.

4.2.3.3 Detectors

There are various detector technics around but state of the art and thus de-facto
standard nowadays are silicon strip detectors. These work very efficiently and are
available in form of 2D detectors as well. In PXRD, typically 1D position-sensitive
detectors are used offering a certain detection window and recording an angular
range of the diffraction pattern at once. Most prominent of these are the detectors
build by the Dectris Ltd. based in Switzerland, but many manufacturers offer their
own silicon strip detectors as part of their systems.

2D detectors, originally developed for single crystal diffractometry or medical
imaging, can significantly reduce measurement time and may be fitted in benchtop
diffractometers, where they can also serve the purpose of reducing the number of
movable parts.

Usually a system is delivered with just one detector technic, so there is no need to
dwell on the specifics of the detection. More important is the relative performance
of the whole system from X-ray source via optics and sample to the detector. Due
to the various hardware options, in order to compare measurements from different
systems, there is no way around actual measurements of the same sample.

4.2.3.4 Peak Asymmetry

There is one detector-contributed effect though, which can significantly affect the
diffraction patterns peak shape. All detectors, at least to some extent, detect X-rays
in a certain vertical window as well as horizontally. Even a 1D detector is actually
sensitive in a thin band. As our diffraction peaks geometrically speaking are actually
cones or - in the detector plane - rings, the detectors actually detect segments of cir-
cles. The diameters of these circles are defined by the diffraction angle and distance
of the detector from the sample, the segment is defined by the vertical window.
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Figure 4.2.2 Example for the effect of asymmetry due to “umbrella effect” on the position
of the peak maximum.

The effect called “umbrella effect” is that especially low-angle diffraction peaks
look asymmetrical with a “fronting” toward the primary beam (zero degrees). The
effect may be minimized adjusting sample to detector distance or using a mask to
minimize the vertical detection window. However, this comes at a price in terms of
intensity and fidelity of the pattern. As it can typically be neglected for pharmaceu-
tical applications, it can normally just be ignored. It is mentioned here as different
instruments may feature umbrella effect to a different extent.

The true peak position of an asymmetric reflection is slightly above the angular
position of the peak maximum (see Figure 4.2.2). Dependent on the instrument
set-up and the angle of the respective peak, the error may be in the first or sec-
ond digit in two theta and may have to be taken into account, if comparing between
peak positions of measured patterns and calculated ones or between different instru-
ments.

4.2.3.5 Reproducibility of Diffraction Patterns: The Texture Effect
(Preferred Orientation)

A major difficulty in PXRD, especially in regulated environments, is the repro-
ducibility of the patterns between different batches and sample preparations. The
effects will mainly influence peak positions and relative intensities. Errors in peak
positions can be minimized by strict adherence to sample preparation protocols and
of course a well-aligned instrument.

In a perfect preparation, the crystals are oriented randomly, with equal distribu-
tion of all possible orientations. This is assumed when calculating a pattern from
a known crystal structure. Alas, such a situation is virtually impossible to achieve.
Typically, crystals are not spherical and therefore will align more or less in a packing
close to one another.

The first effect is the most prominent sample preparation effect and it is the most
difficult to control. It is named “preferred orientation” or “texture effect,” as it is due
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Figure 4.2.3 Effect of preferred orientation on relative intensities (simulation).

to crystal (or particle) texture, i.e. external morphology. Imagine needles or platelets
in a dense powder packing. However well you prepare them, due to the texture of the
crystals, they will tend to align in a parallel fashion. Therefore, certain crystal orien-
tations are more probable than others and their respective diffraction planes more
often fulfill the diffraction condition defined by Bragg’s law. Thus, these diffraction
intensities are more intense than they would be in a completely random arrange-
ment. Vice versa, the intensities of the other peaks are lower than expected for a
random orientation.

Pronounced preferred orientation may lead to peaks to show up, which would
normally be below noise level or a number of strong peaks to seemingly disappear
(see Figure 4.2.3). The effect can be so pronounced that patterns may result in a
false-negative result. In regulated environments, this might trigger the question of
acceptance criteria for a matching pattern: when is the pattern regarded as in or out
of specification?

Texture effect has to be taken into account comparing R&D batches, which may
differ in crystal size and shape (and therefore texture). And special care has to be
taken, comparing patterns from different instruments, especially if they differ in
diffraction geometry. The texture effect affects transmission and reflection patterns
in a reciprocal way: reflections of reduced intensity in transmission are enhanced in
reflection mode and vice versa. Also, the sample preparations for different instru-
ments might trigger preferred orientation to a significantly different degree.

Therefore, in a regulated environment, it is advisable to measure the reference
under the same conditions as the actual sample.

To minimize the effect of preferred orientation:

o Ensure small crystal sizes, e.g. by grinding (taking care not to induce phase tran-
sitions, i.e. change in polymorphism)

Avoid compression of the powder

Avoid thin preparations (e.g. zero background holder in reflection, very low sam-
ple amount in transmission mode)

o Define and strictly adhere to sample preparation protocols
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In difficult cases, it may help to mix the sample with an inert amorphous material
like aerosil, which will keep the crystals of the sample apart and therefore counteract
preferred orientation. This, however, also introduces another phase (i.e. solid mate-
rial), will reduce intensity, and will always show an amorphous fraction, so render
it difficult to observe amorphous fractions in the original sample.

4.2.3.6 Databases of Known Diffraction Patterns

Unfortunately, besides the free American mineralogist crystal structure database
(AMCSD) [14] database focused on minerals, there is only a rather expensive
database. It is called Powder Diffraction File and provided by the International
Center for Diffraction Data [15]. Different versions are available including one with
the whole Cambridge structural database (CSD) (see below) content included. In
pharmaceutical R&D, these databases come in handy, if dealing with unknown
patterns, which could represent inorganic salts or organic excipients.

Besides databases of powder patterns, there are databases of crystal structures
available, namely the Cambridge Structural Database (CSD) hosted by the Cam-
bridge Crystallographic Data Centre [16], and the Inorganic Crystal Structure
Database (ICSD) maintained by the Fachinformationszentrum (FIZ) Karlsruhe
[17]. By definition, any compound containing a carbon-hydrogen bond will be
entered into the CSD, all others in the ICSD. The crystal structures stored in these
databases may be used to calculate theoretical powder diffraction patterns to be
used as references in identity control by P-XRD. Another source for crystal structure
data may be the crystallography open database (COD [18]).

4.2.4 Measurement

4.2.4.1 Instrument Calibration

The instrument is typically calibrated using a suitable standard (e.g. National Insti-
tute of Standards and Technology [NIST] SRM 640 Silicon). It is advisable to use not
only the first, strongest reflection but also the whole pattern of the standard up to the
maximum angle used in measurements of samples. If the systems set-up gives rise to
umbrella effect (see Section 3.4), the calibration should be based on the refined peak
positions using a suitable model for reflection asymmetry. If this is not possible, the
error should at least be determined and assessed compared to acceptance criteria
applied to phase analysis.

In pharmaceutical applications, one should also consider that most active phar-
maceutical ingredient (API) and excipients feature diffraction peaks well below, i.e.
having lower 26 values than, the first reflections of the typical XRD standards (which
are inorganic materials). So it is advisable to calibrate using a low-angle standard as
well (e.g. NIST SRM 675 Mica).

Obviously, instrument calibration should not only focus on reflection position but
also the line profile, e.g. full widths at half maximum (FWHM) and maximum inten-
sity should be monitored. An increase of FWHM will reduce signal-to-noise ratio
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and is an indication of some geometric misalignment of the diffractometer or the
monochromator. A decrease of intensity alone may indicate end of lifetime of the
X-ray source (or the monochromator being out of alignment).

4.2.4.2 Sample Preparation

Depending on system set-up, the powder is then prepared in a way ensuring best
and reproducible positioning on the diffractometer with as even a distribution as
possible to avoid artifacts and misalignments. Most set-ups allow for rotation of the
sample, which significantly enhances reproducibility of the intensity statistics.

Tablets — consisting of compacted powders - may be measured as well, provided
form and size do fit to the respective instrumental setup. Very small and thin tablets
may even be used in transmission mode.

Care has to be taken to ensure small enough and even distribution of crystal sizes.
Macroscopically visible crystals (sparkling powder) must be avoided as well as pro-
nouncedly different crystal sizes (beware of phase mixtures). This is usually accom-
plished with a simple mortar and pistil, although particular care is advised to avoid
pressure or temperature-induced phase transitions. With pharmaceutical materials,
the energy introduced in using a mortar may be enough to trigger phase transitions
between polymorphic forms, especially in wet conditions. In these cases, the method
for milling and homogenization has to be carefully verified (and probably validated
for good manufacturing practice [GMP] compliance). Thus, if crystal sizes of the
original sample allow, measurement should be made using the pristine sample.

Best crystal sizes are about few pm. NIST SRM 640 Silicon features a D, of
S5pm. Smaller crystals will result in reflection broadening, and larger crystal
sizes may result in spikes and bad statistics (unreliable relative intensities) in the
diffractogram. This is especially important for low amounts of substance, e.g. with
zero background holders in reflection mode or combinatorial attachments (well
plate sample holders). As statistical errors can easily lead to a false negative identity
check.

Therefore, it is vitally important in routine analysis to keep the prepared sam-
ple until the diffraction pattern has been evaluated. In case of a negative result, it
will be worthwhile to check sample preparation and reprepare or remeasure where
appropriate.

4.2.5 Data Evaluation

4.2.5.1 OQualitative Phase Analysis

The PXRD pattern of a pure crystalline substance basically represents a fingerprint
for its crystal structure. As such, it can be used as a means to identify not only
substances but also the respective crystalline modification, or polymorphic form.
Especially for identification of polymorphs, XRD is the most important method,
as it directly reflects the changes in crystal lattice and molecular arrangement (see
Figure 4.2.4).
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Figure 4.2.4 Powder X-ray diffraction patterns (simulations) of fumaric acid in different
solid-state forms relative intensities, the maximum intensities of amorphous and
nano-crystalline materials are much lower than those of crystalline materials.

The International Council for Harmonization (ICH) decision tree #4 [19] of the
quality guideline Q6A on polymorphism in pharmaceutical APIs asks to specify the
polymorphic identity if different polymorphs exist, which feature different proper-
ties. In pharmaceutical applications, therefore, PXRD is routinely used as a method
for identification and control in a manner similar to infrared (IR) or Raman spec-
troscopy. To verify phase identity, the measured pattern (typically a fraction of the
whole pattern) is overlaid or otherwise visually compared with a qualified reference.
This can, for example, be a pattern calculated from a single crystal structure elucida-
tion as part of a proof of structure study or a pattern of a batch of known identity. The
European and US pharmacopeias contain a substantial monograph on the applica-
tion of PXRD to test polymorph identity.?

Mixtures of crystalline phases will lead to their respective patterns to be linearly
combined. As long as interference between the patterns is not too large, the compo-
nents can safely be identified by the respective reference patterns. Reference patterns
may also be taken or calculated from a database (see below). Such qualitative phase
analysis is typically provided as base functionality within the instrument vendor’s
software.

4.2.5.1.1 Phase Identification or Identity Check

As has been discussed above, phase identification basically is a comparison of the
measured pattern against a reference pattern. This may sound as straightforward
as for spectroscopy or spectrometric data, but XRD pattern is way less reproducible

2 USP-NF <941>, Ph.Eur. Chapter 2.9.33.
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than the spectrums of other methods, as many effects strongly depend on the
individual sample preparation (due to transparency, distribution, height error,
surface roughness). Dependent on sample and instrument properties, these namely
affect the background, a peak offset, and most prominently the peak intensities due
to texture effect.

Automated analyses (which are generally preferred in a regulated environment)
therefore remove the background, determine peak positions, and use these for com-
parison, neglecting relative intensities (or applying a much lower weight to them)
and allowing for a window of typically 0.1° 20 for Cu-radiation. In visual compari-
son, however, the trained eyes of the crystallographers can easily verify the identity
of phases regardless of background and texture effect and mostly regardless of the
presence of other phases.

For semi-automated phase identification, the peak list is compared against sim-
ilar lists of known phases, which may have been provided in user-defined or pur-
chased databases. Due to the problems with reproducibility, the software will suggest
a sorted list of candidate phases and leave it to the crystallographer to decide on the
relevance and correct assignment.

If unknown phases are present (phases not in the database), the semi-automated
identification may easily lead to false assignments. It is always a good idea to crit-
ically review the phase assignment for new R&D samples. Such a review should
also take into account the results of other analytical technics like element analysis,
mass spectrometry, or nuclear magnetic resonance (NMR) spectroscopy. A sample
identified as a complex mixture may in fact be just a new unknown polymorph
or salt.

It should also be noted that with pharmaceuticals at times, channel structures
of solvates or hydrates are observed. These are often nonstoichiometric and may
feature arbitrary amounts of solvent or water. In many cases, this will result in a
notable swelling or shrinking of the crystal lattice, resulting in significant peak shifts,
which may make the comparison with a certain reference with a specific composi-
tion difficult.

4.2.5.1.2 Amorphous Content

In contrast to the sharp, well-defined diffraction peaks of crystalline phases, amor-
phous phases give rise only to broad features, named halos. The area under the halo
would roughly correspond to the area under the diffraction peaks of a crystalline
phase of the same material. Therefore, amorphous fractions are only detectable, if
they represent a major fraction of the sample, typically more than 20 mass% (see
Figure 4.2.5).

Therefore, other technics such as IR or Raman spectroscopy take preference over
XRD for determination and quantification of amorphous fractions in crystalline
material. On the other hand, XRD is very sensitive determining crystalline fractions
in amorphous material. Amorphous content may be quantified though by the
addition of a known quantity of certified crystalline standards and quantification of
the apparent content in the sample (see below). Amorphous fractions in the sample
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Figure 4.2.5 Diffractograms depicting visibility of amorphous fractions (powdered
quartz/glass mixtures), low content of amorphous fractions only lead to a drop in absolute
intensities. Clearly visible are amorphous fractions larger than 50%.

will seemingly increase the fraction of added standard. Therefore, the amorphous
content (as a mass fraction) may be calculated as

Cstd, added > / Msample (4.2.3)

Camorphous — <1 -

cStd, determined Myotal

with: Mg, e, Mrandara® the respective masses

Mygta) = mSample + Mgtandard> CStd, added = mStandard/ Myotal
Cstd, determined = Mass fraction of standard as per experimental quantification.

Note, however, that this method assumes the diffraction power to be exactly the
same for the amorphous as for the crystalline materials. This holds true for amor-
phous fractions in the crystalline form of a molecule. It will not be applicable, if the
amorphous material is significantly different in chemical nature (e.g. amorphous
excipient in crystalline salt of an APT).

4.2.5.2 Quantification

Having the constituent phases identified, the question of their relative content will
follow. It has been said that the PXRD pattern resembles a linear combination of
the patterns of the respective pure components. Thus, the relative composition
can be derived rather easily from the patterns. However, due to the different
factors impacting relative intensities in XRD (namely the texture effect described
earlier), the deconvolution often becomes a rather difficult mathematical problem



4.2.5 Data Evaluation

compared to quantifications with other technics such as IR spectroscopy or
elemental analysis.

4.2.5.2.1 Based on Calibration Curve

Itis often proposed to base quantification on the measurement of mixtures of known
composition over the intended range of concentrations. This method requires both
components to be available in pure form and having a method to produce “perfect”
mixtures without inducing phase transitions. This can prove rather difficult, e.g.
with pharmaceutical polymorphs. Even more difficult is the fact that the two com-
ponents have to exhibit exactly the same properties in terms of crystallinity (crystal
size, shape, amorphous content, etc.) as the components in the actual mixture. This
is very difficult to ensure and especially to prove in a regulated environment. Such a
procedure will also have to be revalidated for every change in the production process
which may influence crystallinity of one or more components.

Dependent on the requirements for the method, it may still be a viable approach.
In these cases, the intensities (after background subtraction) of selected reflections
of the constituents are plotted in a calibration curve against the relative composition
and the measurement evaluated accordingly against this calibration as one would
do for spectroscopic or chromatographic measurements.

To minimize the influence of the texture effect, more than one nonoverlaid reflec-
tion of each component should be used spanning the range of orientations.

4.2.5.2.2 Based on Internal Standard Addition

The amount of a certain fraction may also be determined against an addition of a suit-
able internal standard. In principle, it would also be based on a calibration curve. But
the standard has the advantage of being easily available in exactly the same quality
and crystallinity as in the later measurement and will not undergo phase transitions.
Typical standards would be Corundum or Silicon. The latter, as a cubic phase, also
would be virtually free of texture effect. They also feature a limited number of strong
reflections, which means, for pharmaceutical applications, these phases show low
probability of overlap and thus will not interfere strongly with the reflections of the
analyte components. The content of the respective phase can be calculated by defi-
nition of a “response factor,” the relative intensity of a strong reflection of the phase
in question compared to a suitable (close in 20 and intensity) reflection of the stan-
dard. The response factor should be determined using a material of known high
crystallinity. This method is strongly dependent on material crystallinity and tex-
ture though. At least peak areas should be used instead of maximum intensities to
minimize the effect.

4.2.5.2.3 Based on Rietveld Refinement
The phase composition can also be calculated based on a simulation of the full pat-
tern normally based on the known crystal structures of the constituents. This may
also be combined with a standard addition.

The most widely accepted full-pattern analysis has been developed by Hugo
Rietveld [20]. Many vendors offer Software add-ons to execute such refinements.
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A free software, which is widely accepted in the community is the software general
structure analysis system (GSAS) [21], which has for example been used by the
NIST for refinement of their certified reference materials. In a Rietveld refinement,
the full pattern is simulated using models for the background and the reflection
profiles as well as preferred orientation. In principle, structure parameters such as
atom positions may also be refined, but this is out of scope and should be avoided
for quantification purposes. The relative phase composition is a by-product of such
a refinement.

However, Rietveld refinements can be rather sophisticated. The sheer number of
parameters, which need to be refined or held constant, can make them difficult to
set-up and maintain in a regulated environment. There are software packages avail-
able trying to minimize the user’s influence on the parameters and try to run the
refinement in a black box mode. To the author’s knowledge, however, none of these
would be usable in regulated conditions (requiring audit trail and 21 CFR Part 11
compliance).

4.2.5.3 Advanced Phase Analysis

Section 4.2.5.2.3 introduced the concept of Rietveld full pattern refinement as a
means to quantify phases. The refinement can yield much more though.

First of all, the refinement will yield the lattice constants of the phases. These
may vary significantly for nonstoichiometric structures, and inspection of the lattice
constant variations may reveal important facts of the respective batch.

The Rietveld refinement also needs a model of the reflection profile of the indi-
vidual phases. This contains information about the crystallite size, the size of the
truly single crystalline domains of the particles, as well as microstrain, induced by
disorder, defects, or element substitutions. Both effects can be very important for
pharmaceuticals as it affect the dissolution behavior.

To extract this information, the respective sample derived profile has to be decon-
voluted from the effects caused by the instrument itself (e.g. X-ray monochromation,
detector resolution, air scattering). Luckily the instrument contributions follow dif-
ferent (Gaussian shaped) statistics than the (Lorentzian) sample contributions.

The key for successful performance of such a peak shape analysis is the correct
description of the “instrument function”: the reference peak shape for a perfectly
crystalline phase, where sample effects can be neglected. This should be derived
from a well-prepared sample of highly crystalline material. Samples of choice for
this task are the NIST SRM 640 Silicon and 660 LaB, offered as line profile standards
for exactly this purpose.

Still, such a refinement and the deconvolution of reflection profile contributions
is a delicate task and should only be performed by experienced crystallographers in
order to avoid mis- or overinterpretation [22, 23].

Finally, the structure itself (the atoms element identity and atoms positions) may
be refined. This is typically not in scope for pharmaceuticals, though, except in struc-
ture elucidations from powder diffraction data [24].
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4.3.1 Introduction

Thermal analysis is a key technique to characterize materials with respect to their
intrinsic properties and phase transitions between solid forms. The International
Confederation for Thermal Analysis and Calorimetry defines thermal analysis
as “the study of the relationship between a sample property and its temperature
as the sample is heated or cooled in a controlled manner” [1]. Historically, the
use of Kofler hot stages in the 1930s was a first milestone, allowing to observe
temperature-dependent phase changes in a controlled environment [2-6]. In addi-
tion to thermo-optical analyses, a variety of techniques exist, including dielectric
thermal analysis [7-9], dynamic mechanical analysis [10-13], thermomechani-
cal analysis [13-15], differential thermal analysis [16-19], thermally stimulated
current [20-22], and thermoluminescence. The most widely used techniques in
the context of thermal analysis of organic materials, such as pharmaceuticals, are
differential scanning calorimetry and thermogravimetric analysis. Therefore, this
chapter focuses on these two techniques, while acknowledging however that all
other techniques mentioned provide valuable information on the properties of
substances.

In the pharmaceutical industry, thermal analysis is used in the development
of small synthetic and large biological molecules. In connection with biological
molecules, the main objectives are to identify folding structures in proteins, test
thermal stability [23, 24], or understand and develop freeze-drying processes
[25]. However, this chapter concentrates on thermal analysis in the context of
small-molecule development.

Solid State Development and Processing of Pharmaceutical Molecules: Salts, Cocrystals, and Polymorphism,
First Edition. Edited by Michael Gruss.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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4.3.2 Thermal Analysis in Drug Development

4.3.2.1 Solid form Landscape

Selection of the solid form of an active pharmaceutical ingredient represents an
essential milestone during drug development. Identification of the best suited solid
form of the active pharmaceutical ingredients (API) relies on sound understanding
of the solid form landscape, including the identification of the solid form that
is thermodynamically stable at ambient conditions. In addition, hydrates and
process-relevant solvates have to be identified. Ultimately, selection of the solid
form for further development hinges on the sound understanding of transition
pathways and transition temperatures between solid forms [26].

All solid forms identified are routinely characterized by a variety of orthogonal
analytical techniques such as thermal analysis, X-ray diffraction, vibrational spec-
troscopy, and dynamic vapor sorption. The solid form landscape is established after
characterization and careful interpretation of the analytical data.

Knowledge of the solid form landscape and possible transition pathways is also
essential for the development of a holistic solid form control strategy to ensure the
integrity of the selected solid form during manufacture and shelf-life determination
of the final drug product.

Thus, thermal analysis contributes markedly to characterizing the solid form
landscape of an API. For example, differential scanning calorimetry (DSC) deter-
mines transition and/or melting enthalpies, amorphous contents, glass transitions,
and crystallization events, while thermal gravimetric analysis (TGA) provides
information on weight loss, stability of hydrates/solvates, and, by applying coupling
techniques, the nature/identity of volatile chemical species released upon heating.

4.3.2.2 Compatibility Studies

Apart from its use in the characterization of pure materials, thermal analysis is also
applied in compatibility studies of drug substances and polymers [27-29]. Amor-
phous APIs can be stabilized by embedding the API molecules in a polymer matrix.
Only APIs that are completely miscible with the polymer matrix provide the neces-
sary stability of such solid dispersions. DSC is used to determine the miscibility of
the two materials by analyzing glass transition temperatures. In miscible systems,
solid dispersions exhibit a single glass transition temperature that lies between the
glass transition temperatures of the pure phases. This fast method is suitable for
determining long-term stability of both fresh solid dispersions and stressed samples
(e.g. samples exposed to high relative humidity and/or high temperatures).

4.3.2.3 Other Applications

Thermal analysis is also used to study the sublimation behavior of a compound at
different temperatures. Furthermore, thermal analysis is applied in process opti-
mization with respect to technical applications. For example, bake-on siliconization
of cartridges for medical devices is studied using thermogravimetric analysis [30, 31].
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Figure 4.3.1 Principle of power compensation differential scanning calorimeter.

In principle, thermal analysis can be used to identify all types of phase transitions
or, more generally, any changes in inter- or intramolecular interactions.

4.3.3 Methods

4.3.3.1 Differential Scanning Calorimetry

4.3.3.1.1 Techniques

In DSC, the difference between the heat flux to a sample and the reference substance
is recorded as a function of temperature or time. Two subtypes of this technique are
used, i.e. power compensation DSC and heat flux DSC. The two techniques differ with
respect to the construction of the instrument and principle of measurement. Power
compensation DSC can generally heat or cool faster and provides better resolution of
sharp events. Heat flux DSC is usually associated with a straighter and more repro-
ducible baseline. However, after decades of technique refinements, the differences
have become marginal.

The measuring principle of a power compensation differential scanning calorime-
ter (see Figure 4.3.1) is based on two independent heating devices, i.e., one for the
sample and one for the reference substance. During measurements, the individual
heating power of the sample and the reference substance is controlled such that
the temperatures of the sample and the reference substance are kept equal. In case
of an endothermic or exothermic event in the sample, the difference in the heating
power between the sample and the reference substance is recorded and is displayed
as a function of temperature or time.

Heat flux DSC (see Figure 4.3.2) is based on a single heating device for both the
sample and the reference substance. The temperatures of the sample and the ref-
erence substance are measured individually. In case of an endothermic or exother-
mic event, a difference between sample temperature and reference temperature is
observed. This temperature difference is directly proportional to the heat flow.

4.3.3.1.2 Sample Preparation and Measuring Parameters
Depending on the type of sample measured and objective of measurement, the
following parameters have to be considered:
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Figure 4.3.2 Principle of heat flux
DSC.

Sample Reference
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Thermocouples

Sample Pan A wide range of pan types for DSC measurements are provided by
the instrument vendors. For typical pharmaceutical samples (e.g., small organic
molecules, excipients, or polymers) in the temperature range up to about 500 °C,
aluminum pans are most commonly used. However, if a chemical reaction between
the sample and aluminum pan has to be anticipated, alternative pans made of
gold, platinum, or aluminum oxide may be used. For measurements performed
under internal pressure in a closed pan (e.g. for the study of hydrates/solvates,
samples containing solvents, and drug product mixtures), intermediate-pressure or
high-pressure pans are available.

Sample Weight Typical sample weights for DSC measurements range from 2to
10 mg. Resolution improves with lower sample weights, but the measuring sensi-
tivity decreases. To improve thermal conductivity within the sample, it might be
helpful to gently compact the sample during sample preparation.

Heating Rate Typical heating and cooling rates range from 1 to 20 K min~!. Devi-
ations from typical heating rates may sometimes be necessary to separate peaks,
prevent or enable phase conversions, and detect low-enthalpy events. It should be
borne in mind that lower heating rates increase the resolution but lower the sensi-
tivity, while the opposite is true for higher heating rates. Optimum settings need to
be established during method development.

Gas Atmosphere DSC measurements are performed under a constant gas flow, usu-
ally nitrogen or air. For special purposes, other gases might be selected, e.g., helium,
argon, or oxygen.

4.3.3.1.3 Evaluation
The main principle of DSC is the measurement of energy into and/or out of a sample
as a function of temperature. This is described in the basic heat flow equation:

dQ _ o dr

dt P dt
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dQ
& ar
rial X sample weight, and 5 s the heating rate.

The product of the heating/cooling rate and heat capacity of the sample results in
the measured heat flow. However, this simplified equation must be corrected for a
time-dependent and hence scan rate-independent component (e.g. chemical reac-
tions or curing phenomenon of resins):

cil—? = Cp-% +f(t,T)
f(t; T) is the time-dependent component of heat flow (kinetic component).

The DSC equipment generates an electrical potential obtained from either the
power compensation or the difference in temperature, depending on the type of
system used. The resulting DSC curve represents energy vs. time/temperature. Gen-
erally, power (e.g., mW or W/g) vs. temperature (e.g. °C or K) is displayed in line
with the heat flow equation. We emphasize that clear indication of the direction of
the endo- or exothermic events on the y-axis is essential (see Figure 4.3.3).

From the DSC diagram, the relevant temperatures are determined using onset and
peak temperatures, and the corresponding enthalpy is determined by integrating
the area under the peak. Changes in the specific heat capacity, e.g., glass transition
of amorphous substances, can also be evaluated (see Figure 4.3.3). The onset tem-
perature does not depend on measuring conditions, whereas the peak temperature
depends on the sample mass, heating rate, and thermal resistance of both the sample
and the measuring system.

is the heat flow, C), is the heat capacity of sample, specific heat capacity of mate-

Crystallization

Enthalpy (normalized): 18.445 J g™'
Peak temperature: 177.40 °C
Onset x: 162.52 °C

-~ J{

Glass transition
Midpoint: 98.55 °c =
Delta Cp: 0.360 J(g-°C~")

——————

Melting

Enthalpy (normalized): 15.759 J g~
4 Exo Peak temperature: 249.82 °C

Onset x: 234.90 °C

50 100 150 200 250
Temperature T (°C)

Figure 4.3.3 Standard DSC thermogram showing glass transition, crystallization, and
melting of a sample.
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In special cases, first and second derivatives of the DSC curve can also help to
identify glass transitions (i.e., a step in the DSC trace converts into a peak in the first
derivative) or the purity of a peak (i.e., shoulders in a peak convert to a peak in the
second derivative).

4.3.3.1.4 Special Applications

Besides the typical DSC equipment described in Section 4.3.3.1.1, some more sophis-
ticated systems have been implemented during the last decades. These include fast
scanning calorimetry, modulated DSC, and cyclic measurements. Details of these
systems are given below.

Fast scanning calorimetry: While typical DSC measurements employ scanning rates
ranging from 1 to 20K min~! (see Section 4.3.3.1.2), higher heating rates up
to 500 Kmin~! may be achieved with certain instruments. The availability of
fast scanning calorimeters has made heating rates as high as 3000000 K min~!
feasible [32]. Such extreme heating rates are used to identify the true melting
point by separation of melting and thermal decomposition events (see example in
Section 4.3.4.2). In addition, these heating rates may suppress solid-solid conver-
sions into crystal forms with higher melting points (allowing to determine heat
of fusion and melting point of this form that is metastable at that particular tem-
perature, see example in Section 4.3.4.2) or suppress crystallization of amorphous
materials, thus allowing to determine the glass transition temperature.

Modulated DSC: Here, a sinusoidal heating rate is applied to the sample. This tech-
nique allows the separation of thermodynamic and kinetic effects with improved
sensitivity and resolution. The advantage is high resolution at low heating rates,
eliminating the influence of a crooked baseline and separating overlaying thermal
effects (see corrected heat flow equation and example in Section 4.3.4.3).

Cyclic measurements: These are used to study the reversibility of polymorph conver-
sions or in the preparation and subsequent characterization of amorphous mate-
rials (see example in Section 4.3.4.1).

4.3.3.1.5 Detection Limits

When using standard DSC equipment and measuring conditions, the detection limit
of amorphous content in samples of crystalline drug substance is usually below
5% but may be below 2% in certain cases. The detection limit for different poly-
morphs depends markedly on the nature and absolute enthalpy of the thermal event
evaluated, e.g., solid-solid conversions or melting. High heating rates increase the
sensitivity and, hence, lower the limit of detection for low-enthalpy events.

4.3.3.2 Thermogravimetric Analysis

4.3.3.2.1 Technique

TGA assesses the mass or change in mass depending on the temperature or
time. Three arrangements of the measuring system are possible, i.e. top loading
(Figure 4.3.4a), bottom loading (Figure 4.3.4b), and side loading (Figure 4.3.4c) (see
Figure 4.3.4).
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Figure 4.3.4 Arrangements of (a) top-loading, (b) bottom-loading, and (c) side-loading
measuring systems for thermogravimetry.

In TGA, the sample is typically heated at a constant heating rate, but in certain
cases, isothermal measurements or combinations of dynamic and isothermal seg-
ments may be applied. Most thermobalances allow to open the closed sample pan
immediately before the measurement, for example, by piercing the lid. In this way,
mass loss during the lag phase between sample preparation and measurement can
be avoided. Undesired mass loss is a critical issue when using an automatic sampling
system with open pans. In addition, hygroscopic materials may gain weight by the
uptake of moisture during storage in an open sample pan.

4.3.3.2.2 Sample Preparation and Measuring Parameters
Depending on the type of sample measured and objective of measurement, the fol-
lowing parameters have to be considered:

Sample Pan All applications, restrictions, and recommendations for TGA are the
same as those for DSC (see Section 4.3.3.1.2). The only exception is that TCA employs
only open or pierced pans.

Sample Weight The sample weight for TGA measurements usually ranges from a
few milligrams to several grams, depending on the sensitivity of the balance used
in the instrument. The option to analyze heavy samples is advantageous (e.g. for
heterogeneous materials, tablets, or samples of drug product).

Heating Rate Typical heating rates range from 1 to 20 Kmin~!. Depending on the
type of furnace installed in the thermobalance, heating rates up to 500 K min~! can
be achieved.

Gas Atmosphere TGA measurements are performed under a constant gas flow, usu-
ally nitrogen or air. For special purposes, other gases might be selected, e.g. helium,
argon, or oxygen.

4.3.3.2.3 Evaluation

Thermobalances measure the change in mass (recorded as an electrical potential)
relative to the temperature or time. Thus, the TGA curve usually represents the
absolute or relative (compared to the starting mass) weight change vs. temperature
and/or time.
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Figure 4.3.5 Standard TGA thermogram of calcium oxalate monohydrate.

From the diagram, the relevant steps in weight loss are determined and correlated
with the respective temperatures (see Figure 4.3.5).

4.3.3.2.4 Special Applications

A widely used application of TGA is evolved gas analysis, where the evolved gas
is transferred to an instrument that detects and identifies the gas. The evolved
gas correlates with the weight loss. Usually, the thermobalance is coupled with
Fourier-transformed infrared (FTIR) or mass spectrometry (see example in
Section 4.3.4.4).

In another application, the heating rate is adapted simultaneously to the observed
weight loss (high-resolution TGA). By applying this method, the heating rate can
be set to very low (or even to isothermal conditions), if significant weight loss occurs
at a certain temperature. Otherwise, rather high heating rates are applied, as no res-
olution of overlapping events is needed, resulting in accelerated measurements and
saving measurement time.

4.3.4 Case Studies

4.3.4.1 Understanding Polymorphic Transitions

As pointed out in Section 4.3.2, understanding the transition pathways of solid forms
is essential to define the solid form landscape of APIs. Cyclic DSC measurements
help to understand solid-solid conversions of polymorphs. The nature of the con-
version (i.e., endothermic or exothermic) provides additional information on the
enantiotropic or monotropic relationship [33, 34].

The selected example of a development compound shows an extensive solid form
landscape involving four known polymorphs. The DSC experiments started with
either polymorph Form A or Form B. A low-temperature polymorph was detected
upon cooling Form A to approx. —150 °C. Upon heating, an endothermic event at
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Figure 4.3.6 Low-temperature DSC experiment.

approximately —100 °C indicated the enantiotropic relationship between Form A
and the low-temperature polymorph (see Figure 4.3.6). Knowledge of the presence
of a low-temperature polymorph is essential as many single-crystal X-ray diffrac-
tion experiments are performed at low temperatures to minimize thermal motion of
the atoms.

Figure 4.3.7 shows the significant differences between the simulated X-ray
powder diffraction (XRPD) pattern of the low-temperature polymorph and the
experimental XRPD pattern of the related polymorph at ambient conditions. Alter-
natively, low-temperature XRPD analysis could have been performed to identify
the nature of this mismatch. However, a single DSC experiment determined the
transition temperature and enantiotropic relationship within less than 1 hour.

A second DSC experiment also involved Form A, showing endothermic transi-
tion into Form D upon heating, thus illustrating the enantiotropic relationship of
Form A and Form D with an onset temperature of about 150 °C (see Figure 4.3.8).
Upon cooling of the melt, Form C crystallized (T, at about 185 °C) and showed
exothermic transition into Form D (T, at about 190 °C) upon subsequent heating,
suggesting a monotropic relationship between Form C and Form D.

Finally, Form B was heated, and endothermic transition (T, at about 195°C)
into Form D was observed, again indicating an enantiotropic relationship between
Form B and Form D (see Figure 4.3.9). However, upon cooling of Form D, an
endothermic transition (T, at about 140°C) to Form A (the more stable
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Figure 4.3.7 Simulated XRPD pattern from single-crystal structure solution of a
low-temperature polymorph (top) vs. measured XRPD pattern of the enantiotropically
related stable polymorph at ambient conditions (bottom).
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Figure 4.3.8 Cyclic DSC experiment starting with Form A.

polymorph at this temperature range) was observed. Hence, the reversible con-
version of Form D into Form B was not confirmed by this cyclic DSC experiment.
Instead, an endothermic transition (T, at about 150°C) of Form A to Form D
was observed upon heating.

In conclusion, using cyclic DSC experiments in combination with XRPD allowed
to identify several polymorphs and provided information on the enantiotropic or
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Figure 4.3.9 Cyclic DSC experiment starting with Form B.

Table 4.3.1 Overview of thermal data obtained by standard DSC.

Melting Transition temperature
Polymorph temperature (°C) in Form D (°C) Heat of fusion (Jg~1)
A — 154 —
B — 196 —
C 230 190 93.5
D 251 — 103.5

monotropic relationship between the various polymorphs. Thus, by varying the heat-
ing/cooling rates and the type of solid form, a number of experiments to enlighten
the solid form landscape of the substance in question can be performed.

4.3.4.2 The Power of Ultra-fast Heating Rates

In the example detailed in Section 4.3.4.1, the relationship between Form A and
Form B was not clarified by applying standard DSC measurements and the heat of
transition rule [33].} Another option is to apply the heat of fusion rule [33, 34].2
However, this approach requires previous knowledge of the melting points and heats
of fusion of all polymorphs (see Table 4.3.1).
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Figure 4.3.10 DSC of Form B using a heating rate of 1000 K s~2.

Table 4.3.2 Overview of thermal data obtained by standard DSC and by applying ultra-fast
heating rates.

Melting Transition temperature
Polymorph temperature (°C) in Form D (°C) Heat of fusion (Jg~1)
A 2499 154 1309
B 2319 196 1179
C 230 190 93.5
D 251 — 103.5

a) Dataretrieved from measurements applying ultra-fast heating rates.

Ultra-fast heating rates (1000K s~!') suppressed the transitions of Form A and
Form B into Form D allowing to analyze the melting points and heats of fusion (see
example of Form B in Figure 4.3.10) of the solid forms of interest.

Data analysis using the heat of fusion rule confirmed the monotropic relationship
of Form C with Form A and Form B. Form C had a lower melting point and lower
heat of fusion compared to Form A and Form B (see Table 4.3.2).

The relationship between Form A and Form B was more complex. Using ultra-fast
heating rates limits the sample mass to only a few nanograms of material (i.e., a
single crystal). To obtain a statistically significant result, the measurement was
repeated multiple times. Because the sample is placed on the sensor of a fast
scanning calorimeter without sample pan, the sample mass cannot be determined
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Figure 4.3.11 Standard DSC experiment of an amorphous material.

directly. Therefore, the approach described by Chua et al. [35] was used, allowing
estimation of the sample mass and hence of the heat of fusion in J/g. Since the
error of this estimation is >10% and heats of fusion for Form A and Form B were
similar, the true nature of their relationship could not be identified using this fast
method. Thus, competitive suspension equilibration experiments were needed. In
other cases, this approach might be more successful.

4.3.4.3 Understanding Amorphous Phases

The glass transition temperature in a standard DSC experiment is sometimes diffi-
cult to determine because it may be overlaid in the thermogram by broad endother-
mic events, e.g., the release of water and/or residual solvents (see Figure 4.3.11).

Applying more sophisticated techniques, such as cyclic DSC or modulated DSC,
helps to elucidate the glass transition temperature. Measurements are performed in
an open or closed pan.

During a cyclic DSC experiment employing an open pan, residual solvent is
released, and glass transition of the dry amorphous material can be determined
(see Figure 4.3.12). However, previous heating of the sample above the glass
transition temperature during the first cycle may trigger changes in the amorphous
sample, which has to be taken into account in the experimental design.
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Figure 4.3.12 Cyclic DSC of the same amorphous material as the one shown in
Figure 4.3.11.

Modulated DSC experiments can be applied to determine the glass transition
within the first heating cycle, hence with less influence on the original sample (see
Figure 4.3.13).

Using closed pans reveals the dependency of the glass transition temperature on
residual solvent or water. This information is essential to define appropriate storage
conditions to prevent crystallization of an amorphous product (see Figure 4.3.14).
A safety margin of 50 °C was recommended by Hancock et al. [36], i.e., the amor-
phous product should be stored 50 °C below its glass transition temperature.

4.3.4.4 Identification of Solvate Structures

Combining evolving gas analysis with TGA is a valuable technique to identify the
released gas during the weight loss step of TGA measurements. Weight loss can be
caused by the loss of residual solvents or moisture, desolvation of a solvate/hydrate,
or thermal decomposition of the analyzed material. When combining EGA with
TGA, the weight loss and its origin can be identified at the same time.

For example, desolvation and decomposition of calcium oxalate monohydrate
were analyzed using TGA coupled to a FTIR spectrometer. Figure 4.3.15 shows the
decomposition steps at temperatures ranging from room temperature to 900 °C,
with the first step representing dehydration of the bound water in the crystal lattice
of the monohydrate, the second step representing decomposition of calcium oxalate
to calcium carbonate, and the third step representing decomposition of calcium
carbonate to calcium oxide (see Table 4.3.3).
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Figure 4.3.15 Thermogravimetric analysis of calcium oxalate monohydrate.

Table 4.3.3 Weight loss during decomposition of calcium oxalate monohydrate.

Theoretical value

Step (%-w/w)? Measured value (%-w/w)
1. CaC,0, - H,0 > CaC,0, + H,0 1 123 123
2.CaC,0, — CaCO, +CO 1 19.2 193
3.CaCO, — Ca0O +CO, 1 30.1 299

a) Weight loss of the volatile compound is calculated based on molecular mass of calcium oxalate
monohydrate.

Figure 4.3.16 shows the 3D representation of the corresponding FTIR spectra
at different temperatures. The observed ratio of CO (wave numbers 2181 and
2114cm™t) and CO, (wave numbers 2390 and 2331 cm™!) in the second step was
due to sample and instrumental conditions (Boudouard equation: 2 CO = C + CO,).
Identification of the evolved gases is based on the comparison of the measured
infrared (IR) spectra with database spectra.

4.3.5 Quality and Regulatory Aspects

For quality control/release analytics, thermal analysis has to be performed in a
regulated environment to meet all legal requirements issued by national health
authorities. These include qualification of equipment (i.e. installation qualification
[IQ], operation qualification [OQ], performance qualification [PQ], computer
system validation [CSV]), meeting the requirements of CFR 21 Part 11 guidelines



4.3.6 Outlook

0.3

0.2

0.1

0.0
800
600

Z [Temperature] 400

Figure 4.3.16 Three-dimensional representation of the evolved gas analysis by FTIR
showing peak intensity, temperature (°C), and wave number (cm™) .

of the United States Food and Drug Administration (FDA), and adherence to
good manufacturing practices (GMP) with validated methods. Guidelines to fulfill
these requirements are provided by the International Council for Harmonization
(ICH), FDA, European Medicines Agency (EMA), and European Commission GMP
(EU-GMP).

Thermal analysis is described in both the United States Pharmacopoeia (USP
<891>) and the European Pharmacopoeia (Ph.Eur. 2.2.34).

4.3.6 Outlook

Thermal analysis continues to be a cornerstone in the characterization of the solid
form landscape and transition pathways of APIs. New techniques, such as fast scan-
ning calorimetry, coupling techniques, and further refinements of thermal sensors
and furnace settings have extended the boundaries of the method, thus enhancing
the sensitivity and resolution.

Increased pressure on drug development timelines and the limited sample
amounts available in the early stages of drug development can be counteracted
by the use of fast thermal analytic techniques requiring only a few milligrams of
material. In combination with coupling techniques, such measurements provide
even more information.

In conclusion, drafting a holistic solid form control strategy to ensure the integrity
of the solid form of drug substances during manufacture as well as shelf-life deter-
mination of drug products relies on thermal analysis.
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API active pharmaceutical ingredient, drug substance
DEA dielectric thermal analysis

DSC differential scanning calorimetry

DTA differential thermal analysis

DMA dynamic mechanical analysis

EGA evolved gas analysis

FSC fast scanning calorimetry

FTIR Fourier-transformed infrared

ICTAC International Confederation for Thermal Analysis and Calorimetry
TGA thermogravimetric analysis

TL thermoluminescence

TMA thermomechanical analysis

TOA thermo-optical analyses

TSC thermally stimulated current

XRPD X-ray powder diffraction

Notes

1 Burger et al. [33]: “If an endothermal transition is observed at some temperature it
may be assumed that there is a transition point below it, i.e. the two forms are
related enantiotropically. If an exothermal transition is observed at some
temperature it may be assumed that there is no transition point below it, i.e. the two
forms are either related monotropically or the transition temperature is higher.”

2 Burger et al. [33]: “If the higher melting form has the lower heat of fusion the two
forms are usually enantiotropic, otherwise they are monotropic.”
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4.4.1 |Infrared (IR) Spectroscopy

4.41.1 Introduction

As part of the powerful analysis technique group of molecular spectroscopy,
infrared spectroscopy is a well-established and commonly used analytical tech-
nique in pharmaceutical research and development processes. Absorption of
infrared (IR) radiation brings information about changes in molecular vibrations
within molecules. Atom size, bond length, and bond strength vary in molecules,
and as a consequence, the frequency at which a particular bond absorbs infrared
radiation is different over a range of bonds and modes of vibration. An infrared
spectrometer analyzes a material by sending radiation, over a range of different fre-
quencies, typically in the mid-infrared region between 4000 and 400 wavenumbers
(the unit is cm™), through a sample and detecting the absorption of this radiation
made by each type of bond in the sample (https://en.wikipedia.org/wiki/Infrared_
spectroscopy).

This produces a spectrum, which is typically illustrated as a “plot” of % transmit-
tance against wavenumber. Because of the fact that due to a change of bond lengths
and angles in a crystal structure of the same molecule, the resulting vibration bands
in an infrared spectrum also change, it is possible to differentiate polymorphs by
infrared radiation as long as the changes are not too small to affect the resulting
infrared spectrum.

Infrared spectroscopy has been used traditionally for identification and univari-
ate quantification methods for mostly organic substances and mixtures. Although
this technique is not the gold standard to analyze the polymorphism of a substance,
it is often used during the polymorph and salt screening investigation processes
of a novel active pharmaceutical ingredient (API). Infrared spectroscopy is able to
distinguish between polymorph and solvate forms of a substance or different salt
forms and is one possibility to characterize different polymorphs. IR spectra are
used for patent applications and other regulatory documents like New Drug Appli-
cations (NDA).

Solid State Development and Processing of Pharmaceutical Molecules: Salts, Cocrystals, and Polymorphism,
First Edition. Edited by Michael Gruss.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Due to different measurement setups like attenuated total reflection (ATR), diffuse
reflectance, and IR microscopy or imaging, the analyst is also able to identify and rel-
atively quantify different polymorph and solvate forms in a final solid dosage form,
e.g. tablets or multiparticulates.

In this chapter, the different setups and their usage during the development of
novel APIs and final solid dosage forms are described. The limitations of the tech-
nique are also elucidated.

4.4.1.2 IR Spectroscopy as Identity Method for Drug Substances

Different sampling techniques exist to investigate a solid powder by means of IR
spectroscopy.

4.4.1.2.1 Transmission Mode

The method has been used preferentially for a long time. The proceeding of choice
was to finely grind a quantity of the sample with a specially purified salt (usually
potassium bromide, KBr) that itself does not show absorption in the IR spectrum to
remove scattering effects from large crystals. This powder mixture is then pressed
in a mechanical press to form a translucent pellet. This pellet was then measured
in transmission mode. This technique is almost completely replaced by the ATR
sample technique, which is the current state-of-the-art sampling method for solid
powder samples in IR spectroscopy. The main disadvantages of the transmission
mode methodology in solid-state analytics are possible polymorphic transition due
to the high pressure during sample preparation and potential chemical incompati-
bility with KBr. Salt formation or counterion exchange should be considered upon
sample preparation, e.g. of hydrochloride salts [1a, b].

4.4.1.2.2 Attenuated Total Reflectance (ATR)
ATR is a sampling technique used in conjunction with infrared spectroscopy that
enables sample examination directly in the present state without further preparation
and with a small amount of sample material.

An ATR accessory operates by measuring the changes that occur in a reflected
infrared beam when the beam comes into contact with a sample (indicated in
Figure 4.4.1). An infrared beam is directed onto an optically dense crystal with
a high refractive index at a certain angle. This internal reflectance creates an
evanescent wave that extends beyond the surface of the crystal and protrudes a few
microns (0.5-2 pm) into the sample held in contact with the crystal. Consequently,
there must be good contact between the sample and the crystal surface. In regions
of the infrared spectrum where the sample absorbs energy, the evanescent wave
will be attenuated. The attenuated energy from each evanescent wave is passed
back to the IR beam, which then exits the opposite end of the crystal and is passed
to the detector in the IR spectrometer. The system then generates an infrared
spectrum.

The refractive index of the crystal must be significantly larger than that of the
sample. Otherwise, internal reflectance will not occur because the light will be
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Figure 4.4.1 A multiple reflection ATR system. Source: Perkin Elmer Life and Analytical
Sciences [2]. © 2019 PerkinElmer Inc.

transmitted rather than internally reflected in the crystal. Typically, ATR crystals
have refractive index values between 2.38 and 4.01 at 2000 cm™!. It is safe to assume
that the majority of substances used in pharmaceutical development process have
much lower refractive indices [2].

4.4.1.2.3 Sample preparation

ATR One of the advantages of the ATR technique is the low amount of substance
(approx. 5-10 mg) that is needed to conduct an analysis. Another advantage is that
there is no need for sample preparation. In contrast to measurements using KBr
tablets, no milling or compression forces are applied to the sample. Therefore, it is
advantageous to use this characterization method very early during the development
process of an API to get information about different crystal structures potentially
caused by variations of early stage synthesis conditions. Routinely applied during
batch analysis, it is possible to get an early hint if a substance may form polymorphs
or solvates.

IR Microscopy and Imaging One of the most important issues regarding the IR imag-
ing techniques is an adequate sample preparation. To get a good spectral quality, the
surface of the tablet or multiparticulates has to be flat and pretty smooth. To fit the
needs, the tablets or the embedded multiparticulates can be prepared by different
techniques. It is possible to use a milling system, e.g. Leica EM rapid or Leica TXP,
to receive the optimal surface for the analysis or a kind of microtome like the Agilent
sample planer [3, 4].

4.4.1.2.4 Analysis and Reporting

Regarding the phase of development, the initial IR spectra of different solid forms
of a novel API can be used to build a reference database for further comparison
purposes. It is advisable to confirm the identity of a polymorphic form by other
techniques like X-ray powder diffraction (XRPD) or Raman spectroscopy. Later
on during development, the database can be used to identify samples from the
development process of the API by IR spectroscopy in a very fast and cost-efficient
way. Generally, the IR instrument software includes algorithms to compare an IR
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spectrum with reference spectra stored in the database. Similarity between spectra
is typically indicated by a correlation coefficient for the recorded spectrum and the
known spectra.

It is also meaningful to export spectra into an external database and merge them
with other information that is available for a sample or set of samples. This should
comprise preparation details as well as results from other analytical methods.

4.4.1.2.5 Examples and Limitations

The following examples show the different IR spectra of two polymorphic forms of
Oxatomide. The samples can be differentiated because one form is a hydrate form
and the other is an ansolvate form. The spectra could be distinguished by the group
frequencies of the hydroxide and several other bands in the fingerprint region of
the particular spectrum (Figure 4.4.2). The second example shows two different
polymorphs of carbamazepine (CBZ) — malonic acid cocrystals [5a] which cannot
be distinguished by their IR spectra because the differences in the crystal structures
do not lead to intra- and intermolecular vibrations that can be differentiated by
typical IR measurements. As a consequence, the resulting IR spectra are essentially
the same (see Figure 4.4.3). By using other analytical techniques (XRPD and
solid-state nuclear magnetic resonance spectroscopy [NMR]), it was verified that
the two cocrystal forms A and C are polymorphs [5a]. Another case where the
vibrational spectra (Raman and IR) are hardly distinguishable is reported for two
Alizarin polymorphs and illustrated by comparison of simulated and measured
spectra [5b].

Although during the polymorph and salt screening phase of the development
process, the preferred identification techniques are XRPD or Raman spectroscopy,
the infrared spectra of polymorphs and solvates recorded during the early devel-
opment phase can be used as additional information for the characterization of
the solid phase. However, as the preceding examples showed, this information has
to be considered carefully. Application of IR spectroscopy for the investigation of

%T

4000 3500 3000 2500 2000 1500 1000 700
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Figure 4.4.2 Overlay of ATR IR spectra of Oxatomide anhydrate (full line) and Oxatomide
monohydrate (dotted line).
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Figure 4.4.3 FTIR spectra of the carbamazepine - malonic acid system. (a) Carbamazepin;
(b) malonic acid; (c) cocrystal form A; and (d) cocrystal form C. Source: Limwikrant et al. [5a].
© 2012 Elsevier.

solid phases should be decided on a case-by-case base if suitable for the intended
purpose.

4.4.1.2.6 Method Validation of IR Spectroscopy Identification

and Quantification Methods

There is no need to validate this identification method regarding the ICH Guide-
lines because IR spectroscopy is described as an identification method in all relevant
pharmacopeia like USP and the European Pharm Eur. [1a]. For the current Euro-
pean Pharmacopoeia version 9.7, the Chapter 2.2.24 “IR spectroscopy” was updated.
The method can now finally use the correlation coefficient between the sample and
the reference spectrum as calculated by the comparison algorithm of the particular
software. This identification criterion makes sense to be used besides the formerly
used comparison method that operated on band position and the relative intensity
of the bands to each other. It has to be considered that the value of this correla-
tion factor used as limit for a positive identification of similarity has to be chosen
carefully for every single substance or polymorph. Additionally, the reference sub-
stance used, which in this case could be an API, has to be approved by other tech-
niques like 'H NMR (nuclear magnetic resonance spectroscopy) or LC-MS (liquid
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chromatography coupled with mass spectroscopy) for chemical identity and XRPD
or Raman spectroscopy to affirm identity of the physical form.

If there is a need to quantify different polymorphs in a drug substance regarding
the ICH Guidelines Q6B decision tree 4 [6], techniques like XRPD or the recently
upcoming Raman transmission spectroscopy [4] are methods of choice.

Due to the upcoming use of multivariate data analysis also in quantification meth-
ods using mid-infrared spectroscopy, it is possible to evaluate infrared spectroscopic
methods for the quantification of different polymorphs in pharmaceutical materi-
als. In general, the IR spectrometer supplier evaluates software tools to create such
methods, e.g. the Spectrum Quant or the adulterant screen application of Perkin
Elmer [7, 8]. In contrast to the use of IR spectroscopy method as identification tool,
the quantification methods have to be validated regarding the ICH guidelines Q2
“Validation of analytical procedures: text and methodology” [9].

4.4.1.3 Application of IR Microscopy-Imaging Methods in Drug
Development

Regarding ICH Guideline Q6A, the evaluation and validation of a quantification
method for the polymorphic forms of a drug substance in a drug product are only
necessary if a surrogate method like the dissolution test does not provide adequate
control if polymorph ratio or polymorphic form changes [10].

State-of-the-art methods for the quantification of drug substance polymorphs in
drug products are XRPD or Raman transmission spectroscopy.

Beside the possibility to monitor polymorphic changes and measure the distri-
bution of a drug substance in a drug product like tablets or multiparticulates, the
FTIR-imaging technique could also be used as a relative quantification method.

FTIR microscopy is an established method for the chemical identification and for
visualizing the distribution of a certain substance in a complex sample matrix. With
different detector setups like the point-by-point detection, detectors with linear array
technique, and the advanced focal plane array detectors (FPA), it is a mapping or
imaging technique that allows the analyst to investigate large sample areas with a
high spatial resolution within a short period of time. The detectors consisting of a
matrix of 128 x 128 detector elements are able to detect up to 16 384 single spectra
simultaneously or map a large area line by line in a very short time. Data can be
collected in reflectance, transmission, or ATR mode (Figure 4.4.4) [11].

4.4.1.3.1 Spatial Resolution
The lateral resolution is limited by the light diffraction. The smallest distance (5) at
which two points of a sample can be separated is calculated regarding the formula:

8 = 0.614/NA (4.4.1)

A is the wavelength of the light and NA is the numerical aperture of the objective.
The spatial resolution in an IR image therefore depends on the numerical aper-

ture of the mirror objectives in the FTIR microscopes and the wavelength (4) of

the irradiated light (mid-infrared region: 2.5-25 pm). Besides that the resolution also
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Figure 4.4.4 Detector setups. Source: Tisinger [11]. © 2016 Agilent Technologies, Inc.

depends on the specific detector and the used sampling technique. For that reasons,
the resolution of an image can be better than 1 pm [11].

4.4.1.3.2 Measurement Setups

The absorptions in the spectral range of infrared spectroscopy are relatively strong.
For this reason, it is important to limit the amount of material interacting with the
incoming radiation. If the sample thickness is not too large, it is possible to measure
the whole field of interest in transmission mode. Application is found in the plastics
industry for the investigation of samples having a thickness of about 10-100 pm and
the successful use depends strongly on the material’s absorption coefficient for IR
radiation. But in the special case of an opaque and thick sample matrix of a tablet,
this is not possible.

Different instrument setups provide different approaches to handle this problem.
The best way to minimize the amount of material that interacts with the infrared
radiation is the ATR sample technique. Nevertheless, with respect to the size of the
used ATR crystal, the image size is limited, while the spatial resolution of this rel-
atively small image is quite good. Resolutions down to 1 pm per pixel are possible.
To detect larger fields of interest, instrument suppliers provide different solutions.
Some instruments provide the possibility to measure large images by near-infrared
spectroscopy (NIR) in diffuse reflection sample mode, e.g. FTIR-NIR Spotlight 400
microscope by Perkin Elmer [12].

The advantage is that the absorption of near-infrared radiation is weaker than the
absorption of mid-infrared radiation and no total absorption occurs. However, the
interpretation of NIR spectra is only possible by multivariate data analysis, e.g. prin-
cipal component analysis (PCA). That means that no direct identification of a sample
spectrum by comparison with a spectral database is possible but the comparison of
a sample spectrum with a set of various reference spectra. Therefore, the best way to
identify a certain polymorph in a tablet matrix is to measure a large image by NIR in
diffuse reflectance mode to identify fields of interest and then measure these posi-
tions subsequently by the ATR sample mode with mid-infrared spectroscopy. The
resulting mid-infrared spectra can then be checked against a collection of spectra in
a database in order to identify a polymorphic form or specific compound, like a salt,
solvate, or a cocrystal.
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Another approach is the laser direct infrared (LDIR) chemical imaging technique
that enables obtaining reliable high-definition chemical images of constituents on a
surface. Quantum cascade laser (QCL) technology is coupled with scanning optics
that provides images and spectral data in short time. The method can be used in
reflectance mode to quantify solid forms of a drug substance, like polymorphs, salts,
or cocrystals in a sample [13]. Spatial resolution of images recorded in ATR sampling
mode is down to a pixel size of 0.1 pm [14].

“Infrared light from the QCL is directed to the sample. The Infrared light diffuse
reflected by the sample is then directed to the detector via either of the selected
optical paths. In reflectance mode, infrared light from the laser is focused by a fast
scanning objective system that is rapidly scanned back and forth. Concurrently,
the sample is automatically moved in a perpendicular plane, and the infrared light
reflected by the sample is directed back to a thermoelectrically cooled mercury cad-
mium telluride (MCT) detector. This process yields a two-dimensional molecular
image [14].

After that certain positions of particular interest can be measured by ATR sam-
ple mode. In ATR mode infrared light from the laser is directed onto a scanning
mirror that rapidly moves the light across the fixed ATR element that is in con-
tact with the sample. Totally internally reflected light is directed to the MCT detec-
tor. The spatial resolution of the ATR images are down to a pixel size of 0.1 pm.
[14].” Recorded infrared spectra can be compared with a collection of spectra in a
database.

4.4.1.3.3 Case Studies

Component Detection by NIR-IR-Mapping The ICH Guideline Q6A [10] requires,
besides the testing of other quality attributes of a particular solid dosage forms,
the investigation of API content uniformity and the dissolution profiles during
the development of the drug product. The high-pressure liquid chromatography
(HPLC) test proves the homogeneous distribution of the API in the dosage form,
e.g. a tablet. The dissolution test proves if the dissolution shows the expected profile.
These tests are typically addressed in Phase II of the development phase.

The following example illustrates a case study of a solid dosage form, which in
this case is a tablet of a nondisclosed API. Some unexpected variations in content
uniformity tests and dissolution profiles were observed during the development
phase. A detailed analysis should clarify if the tablet composition is homogeneous
regarding the drug substance-excipient distribution and if a change in the solid
form might have been occurred [15]. First, an NIR imaging of the full tablet was
measured in order to get an overview (Figure 4.4.5). After that a PCA is performed
and with the single score plots Figure 4.4.6, it is possible to identify regions of
interest on the image, e.g. if there are any hot spots of the API in the tablet which
indicate an inhomogeneity of the tablets. Scores are the coordinates of the samples
in the new principal component or factor coordinate system. A score plot shows
the relationship among the sample images in plots (Figure 4.4.7). In addition, it is
possible to measure IR spectra by ATR at these identified positions on the tablet



4.4.1 Infrared (IR) Spectroscopy

-1285.0
-1500
—-2000
-2500
-3000
-3500
—-4000
-4500
-5000

-5285.0

-11653.0-11000 -10000 -9000 -8000 -7000 -6000 -5000 -3653
Micrometers

Micrometers

Figure 4.4.5 Example of an NIR imaging of a tablet. Source: Dagmar Lischke.

Figure 4.4.6 Single score plots of the multivariate analysis of the tablet. Source: Dagmar
Lischke.

surface. The resulting mid-infrared spectra (Figure 4.4.8) can then be checked
against a collection of spectra in a database in order to identify a polymorphic form
or specific compound, like a salt, solvate, or a cocrystal.

Detection of Polymorphic forms of Carbamazepine in a Tablet The following example is
taken from an Agilent application note [13]. It briefly explains the CBZ polymorphic
system that was investigated in a tablet by using LDIR imaging. Original references
can be found in [13].

“CBZ is an anticonvulsant and mood stabilizing drug that is known to exist
as different polymorphs. Of the four crystal forms (III >1>IV >1II; room
temperature stability order), only form III is known to have therapeutic
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effects [13]. Detecting and understanding the formation of non-therapeutic
polymorph I is essential when developing CBZ solid dosage forms. Forms
I and III can be rapidly distinguished and mapped using LDIR imaging.
Library spectra are first acquired for these two polymorphs and the cellulose
excipient in the sample. The instrument software then generates a rapid
imaging method by selecting the key diagnostic wavelengths for each of the
three constituents.” (Figure 4.4.9).

In a next step, the method is used to image CBZ polymorphs across an entire
tablet. Images of 13 mm tablets with 10 pm pixel size were obtained in 27 minutes
(Figure 4.4.10). Two formulations were studied, one containing 5.2% of form I and
15.4% of form I1I, while the other contained 15.3% of form I and 5.5% of form III (per-
centages are by weight). The remainder was cellulose in both cases. “The measured
surface concentrations, in which the density of the polymorphs is not considered,
showed excellent correlation with the known percentages by weight” [13]. This is
shown in Figure 4.4.11, the chemical distribution of the three major constituents
can be individually displayed [13].

Figure 4.4.9 Diffuse reflectance infrared spectra of cellulose (green line), carbamazepine
polymorph | (red) and III (blue). Source: Agilent Technologies, Inc. [13].

B 4.33% Carbamazepine form |
B 11.05% Carbamazepine form Ill
[ 84.62% Cellulose

14.36% Carbamazepine form | [l
3.62% Carbamazepine form 11l [l
82.02% Cellulose

Figure 4.4.10 Classification image of a 13 mm tablet showing the distribution of cellulose,
carbamazepine polymorph | and Ill. Source: Agilent Technologies, Inc. [13].
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Figure 4.4.11 From left to right: Individual chemical maps of carbamazepine polymorph I,
polymorph Il and cellulose. Source: Agilent Technologies, Inc. [13].

4.4.1.4 Conclusion

IR spectroscopy is a fast and cost-efficient identification method during the develop-
ment phases of new active pharmaceutical ingredients and the resulting solid drug
products, although it is not the gold standard amongst the identification methods
in solid state and especially polymorphism investigation due to its insensitivity to
small variations in the crystal lattice. Nevertheless, the IR spectra of different poly-
morphs, solvate forms, salts, and cocrystals can be used to characterize new active
pharmaceutical ingredients, intermediates, and excipients for patent applications
or other regulatory documents. If it is possible to distinguish relevant solid forms
by IR spectroscopy, the technique is a good alternative to the more time-consuming
and expensive XRPD method particularly for release testing of marketed products.
IR spectroscopy is a widespread identification method throughout all quality control
laboratories in the pharmaceutical industry, and also non-specialist analysts are able
to perform a measurement. The interpretation of the results can be simplified by pro-
viding routine procedures and databases that are implemented into daily business
procedures by technical and analytical experts in the field of IR spectroscopy.
Especially in the drug development phase, IR spectroscopy is an efficient tool
to test and investigate content uniformity or dissolution performance by using the
FTIR-microscopy instruments. Also the monitoring of polymorphic phase transi-
tions after or even while processing drug substance or drug product is possible.

List of Abbreviations

API active pharmaceutical ingredient

ATR attenuated total reflection

FTIR Fourier transform infrared spectroscopy

HPLC high-pressure liquid chromatography

IR infrared spectroscopy

LC-MS liquid chromatography coupled with mass spectroscopy
MCT mercury cadmium telluride

NDA New Drug Applications
NMR nuclear magnetic resonance spectroscopy
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Transmission Raman Spectroscopy - Implementation
in Pharmaceutical Quality Control
Meike Romer

Griinenthal GmbH, Zieglerstr. 6, 52099 Aachen, Germany

4.5.1 Raman Spectroscopy - From Research to Broad
Applications in Industry

4.5.1.1 Objective

The aim of this chapter is to give practical guidance on Raman applications in
pharmaceutical industry not to render on theoretical topics on Raman spectroscopy.
Therefore, it is focusing on explaining spectroscopic and multivariate techniques to
those having experiences in univariate analysis.

4.5.1.1.1 History

The history of Raman spectroscopy dates back roughly a century to the middle of
1920, when C.V. Raman and K. S. Krishnan reported “a new radiation,” which was
subsequently called Raman effect [1]. Already in the 1930s, Raman effect was used
for nondestructive chemical analysis but was, due to technical implications, sur-
passed by infrared (IR) spectroscopy. In the 1980s, after various technical improve-
ments, such as double monochromators and notch filters, the first Fourier transform
Raman instrument was developed. Raman spectroscopy finally gained more impor-
tance again. Since then new setups and areas of application have been developed,
ranging from microscopes [2], fiber optic probe systems [3], the development of
surface-enhanced Raman spectroscopy [4, 5], transmission [6], and spatially offset
Raman systems [7], compiled in a comprehensive review focusing on pharmaceuti-
cally relevant applications [8].

4.5.1.1.2 Introduction

Raman spectroscopy, as various other techniques belonging to the field of vibra-
tional spectroscopy, is a nondestructive and noninvasive measurement and requires
minimal or no need for sample preparation. Raman spectroscopy can be used in
combination with IR spectroscopy, as both techniques provide complementary infor-
mation about the molecular state and its changes (Table 4.5.1). Infrared spectroscopy
shows changes in dipole moment in a molecule, thus molecules are IR active if the

Solid State Development and Processing of Pharmaceutical Molecules: Salts, Cocrystals, and Polymorphism,
First Edition. Edited by Michael Gruss.
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Table 4.5.1 Comparison of FT-IR, NIR, and Raman spectroscopy.

FT-IR NIR Raman
Technique Absorption Absorption Emission
Spectral region 4000-400cm™! 12 500-4000cm~! 4000-4050 cm™!
Radiation source Polychromatic (tungsten) Monochromatic (laser)
Spectral selectivity High Low High
Detected vibration Fundamentals Overtones Fundamentals
Sample volume Small Large Dependent on method
Sample preparation required Yes No No
Water sensitive Yes Yes No

dipole changes upon vibration. The larger the change in dipole moment, the stronger
the intensity of the absorption band. For being “Raman active,” a molecule requires
a change in polarizability thus inducing a dipole, during the vibration or rotation.
This dipole emits or scatters light at the optical frequency of the incident light wave.
Often infrared active molecules with a dipole are not Raman active and vice versa.

4.5.1.1.3 The Raman Effect

When a molecule absorbs energy (v,), in this case monochromatic light from a
laser source (e.g. 785 nm or 830 nm), it may enter a higher virtual energy state. The
molecule can then relax back to the ground electronic state by emitting the same
amount of energy (v, ) that was taken up resulting in elastic scattering (Rayleigh scat-
tering). In addition, a small part returns to a different energy level than the incident
one, so called inelastic scattering. Depending on the incident energy state of the
molecule, this inelastic scattering can lead to either a higher energy state (v, — v,)
of the molecule, the so-called Stokes shift, or to a lower energy state (v, +,,), the
anti-Stokes shift (Figure 4.5.1). Usually, in Raman spectroscopy Stokes shifts are
reported because their occurrence is of greater likelihood. 10% excitation photons
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Figure 4.5.1 Jablonski energy diagram (simplified).
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are required to generate a single Raman photon but depending on the structure of
the molecule, fluorescence can obscure the Stokes signals. Anti-Stokes shifts do not
suffer from this interference, but require molecules to be in a vibrational excited
state, a situation that is negligible at room temperature.

4.5.2 Analytical use of Raman Spectroscopy for
Pharmaceutical Purposes

As Raman spectroscopy is readily applicable in-line and offers the possibility for
obtaining real-time data, it has been frequently used to gain insight into pharmaceu-
tical unit operations on a molecular level [9]. Water is a poor Raman scatterer; thus,
Raman spectroscopy is an ideal method for monitoring processes in which water
signals may overwhelm spectra obtained with other spectroscopic methods. It can be
used to detect hydrate formation [10] determining the conversion kinetics between
polymorphic forms in aqueous environment [11], assessing the interaction of water
with polymers [12], and detecting solid-state changes during fluid-bed drying [13].
Trace crystallinity of amorphous active pharmaceutical ingredients (APIs) has been
investigated after milling [14] and after compression of a model tablet formulation to
a compact [15]. The application of Raman spectroscopy has expanded to character-
izing process-induced transformations of an API in final tablets [16] and quantifying
API content in tablets [17]. Bulk solid dosage forms have been examined in trans-
mission mode [6, 18], which was found to be more suitable for quantitative analysis
than reflection mode due to the larger sampling volume. The coating variability was
also investigated with Raman spectroscopy [19] as well as coating thickness [20].
Raman spectroscopy was found to be an effective method for detecting counterfeit
pharmaceutical products [21].

Though there are various setups and different areas to apply Raman spectroscopy
to, this chapter will focus on the Raman application which is of increasing impor-
tance for the pharmaceutical manufacturing, transmission Raman spectroscopy
(TRS), based on fiber optic probes (Figure 4.5.2). It will also provide advice and
share gained experience, how to implement such systems, and what are probable
pitfalls and hurdles.

4.5.2.1 Transmission Raman Spectroscopy (TRS)

With the discovery of TRS, the typical problems arising from diffuse reflectance
setups like subsampling issues (see Figure 4.5.2a) and lack of reproducibility of the
measurements due to variability in distance from the laser to the sample providing
difficulties to hit the focal point of the laser onto the sample.

The TRS 100 (TRS100, Agilent Technologies UK Ltd.) is a transmission Raman
tabletop instrument with a high degree of precision, a defined distance between laser
and detector. It is very suitable for pharmaceutical analysis due to a multi-well plate
sample holder and using an excitation laser wavelength of 830 nm.
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Figure 4.5.2 Raman spectroscopic configurations with (a) typical diffuse reflectance
probe; (b) spatially offset Raman, and (c) transmission Raman set-up.

TRS has several advantages for the analysis of pharmaceutical samples, including

o direct measurement of bulk sample without destruction of sample, compared to
high performance liquid chromatography (HPLC) analysis, which requires signif-
icant preparation steps and a suitable calibration standard

e robust process, not requiring specifically trained staff for routine analysis

o high degree of automation whereas chromatography is often manual, labor inten-

sive and requires practical experience, making it a potential source of error and

adding cost

fast process (approx. 15 minutes per batch analysis, e.g. assay)

does not require any solvents or consumables

low costs per test

high-throughput, multi-well sample holder tray

lower maintenance costs compared to classical liquid chromatography (LC), due

to the higher efficiency, one TRS100 can replace several LCs.

TRS can be used for content uniformity tests, assay quantitative analysis, and for
drug product identification. Identity testing using a Raman spectrometer covers the
entire drug product API and excipients in total. Whereas as in HPLC identity testing,
only the respective API is detected. It is generally used for solid dose formulations,
including tablets and capsules, but can also be used for powders and other form
factors.

4.5.2.1.1 Principles of Transmission Raman Spectroscopy

Transmission Raman spectroscopy uses a large and adjustable spot laser beam,
focusing the laser either to 2, 4, or 8 mm laser spot size, to illuminate one side of
a tablet or a capsule. While the laser light travels through the sample, the light
scatters through the entire sample. Occasionally, a Raman photon is generated,
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resulting in a signal, which is affected by the photon’s pathway through the sample
volume. The detector widths, on the sample side opposite to the laser, can be
adjusted to fit best to the laser spot size and the nature of the sample. Due to the
principle of the measurement, the single spectrum obtained is representative of
the whole inner volume of that particular material. TRS is, consequently, not just
a surface technique, like conventional Raman, which only illuminates one side
of the tablet and collects light from the same side (see Figure 4.5.2). Thus, the
benefit of transmission over conventional Raman is that it works through capsule
shells and tablet coatings. This capability allows the TRS technique to work with
several different types of samples and presentation methods, including powders
in polyethylene bags, well plates, and various oral solid dosage forms. Typical
subsampling issues of the diffuse reflectance probes do not occur.

Different types of samples, including capsules, tablets, and powders, can be
loaded onto a tray into the instrument then moves the material into the sample
beam, with samples analyzed sequentially. Each sample typically takes only a few
seconds to be analyzed so a content uniformity test of 10 tablets only takes a few
minutes.

For the development of a TRS method, a validated liquid chromatography method
is required to provide measured values of a primary method to the predicted values
of the secondary TRS method. Liquid chromatography relies on a standard sam-
ple detector response providing a ratio between a known reference standard and
an unknown sample.

An HPLC chromatogram is separating the peaks as a function of the elution time,
taking several minutes to elute the analyte. The signal intensity correlates directly
to the concentration of the analyte in question.

In a Raman spectrum, the respective Raman shifts are produced simultaneously.
The result is the generation of a spectrum, Figure 4.5.3. Due to the complexity of
the spectrum, multivariate techniques are necessary to extract information from the
data to produce quantitative information.

Though the differences of both, HPLC and TRS, methods are pronounced, the
general procedure is rather similar: starting off with a solid sample, e.g. a tablet. In
case of TRS, the sample is simply placed inside the instrument and within a few
seconds the multivariate spectral information is generated. Whereas with HPLC,
quite lengthy sample preparation is needed before the separation process and the
analytical measurement can start. With Raman spectroscopy, data preprocessing is
performed focusing primarily on chemical information and minimizing the effect
of the physical interactions, while HPLC uses a column and separates the different
sample components physically by polar interactions between a mobile and station-
ary phase. Subsequently, the TRS data dimensionality (i.e. complexity) is reduced
by multivariate methods and illustrated as scores plots and latent variables [22].
The scores present variations in data, whereas latent variables give feedback to the
wavelengths that originate the effects in the data. The HPLC data analysis approach
requires peak detection and integration.

The calibration in case of TRS uses some sort of multivariate data analysis, like
partial least square regression, while for HPLC, achieving a peak correlating to only
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Figure 4.5.3 Transmission Raman spectrum of pure Tramadol.

the analyte in question, a linear regression is best. The measurement terminology is
a little different for both techniques. For TRS, it is a called “prediction of concentra-
tion of X" based on a mathematical model, whereas for HPLC, it is a “measurement
of concentration of X" where X is the analyte of interest such as excipient or APIL.
However, the concentration derived from the chromatogram is also based on a math-
ematical model, i.e. the linear regression analysis. Even though their descriptions
are slightly different, they are actually very similar because they both use regression
curves, one in a multivariate and the other one in a univariate way.

Though Raman spectroscopy is not following the Beer’s law, it is possible to estab-
lish a relationship between the concentration and the measured Raman intensity.
The simplification of the Placzek’s Equation [23, 24] for Raman scattering intensity
results in the following equation:

I, =cLCI (4.5.1)

I, = Raman intensity

o =Raman cross section
L =path length

C = concentration

I =instrument parameters

To prepare a predictive model, an experiment is designed by building a model
of an output spectrum where the API and excipients change as a function of,
i.e. with respect to their concentration. The benefit is that once a method is
developed; there is no need to run a reference standard again, as required for LC
methods.
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4.5.2.1.2 A Practical Guide to a Successful Business Case
For a business case justification, some hurdles must be overcome. HPLC and
UHPLC are pharmaceutically acknowledged standard methods. The requirements
for method validation and method development for the chromatographic methods
are well documented in the public domain, processes are established in industry,
and requirements as well as acceptance criteria are known. In contrast, Raman
spectroscopy, in particular TRS, is a new technique, especially for the abovemen-
tioned fields of pharmaceutical applications. Therefore, it has to be considered that
new procedures need to be established, staff has to be trained in the methodologies,
and experience has to be gained.

Nevertheless, the following parameters are in favor of investing into a transmission
Raman system:

o The higher the costs of labor, the more savings will be generated by a switch to a
rapid analytical method.

o Substituting a current HPLC method is providing more potential for savings
compared to replacing a ultra-high performance liquid chromatography (UPLC)
method.

o The higher the number of batches, the higher the savings.

o Applicable for assay, content uniformity, and identity testing.

e Reduction of equipment number and subsequently footprint and maintenance
costs can be also considered: Agilent (formerly Cobaltlight) claims that one
TRS100 can replace up to eight HPLCs [25].

o Reduction of costs for organic solvents, waste, and columns.

Some points, however, are impacting a switch to a complementary method nega-
tively:

o Costs for regulatory fees.

o Costs for method development, calibration, and validation.

o Limit of detection does not allow to detect and quantify related substances, thus
for products for which related substances, assay, and content uniformity are deter-
mined in one LC method, a switch to Raman may not be financially beneficial.

The calculation of the business case is rather complex. It is not possible to elimi-
nate the reference method completely as it is the primary method. Additionally, the
reference method is still required for model maintenance. A summary of the most
important factors is shown in Table 4.5.2.

Figure 4.5.4a presents an example of a site with low volume batches (~50 per year),
low labor costs, and low regulatory costs. In this situation, the payback time for TRS
introduction is roughly 4-5 years. In this case, the low number of batches per prod-
uct means a higher impact of method development and validation costs. This limits
on the one hand side the number of products, which can be switched per year on
the other hand it also means lower savings while the development costs are remain-
ing. Realistically, if a single team has established the procedure and all functions are
trained, one can calculate with 3-4 products to be switched per year from HPLC to
TRS application excluding regulatory efforts and timelines.
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Table 4.5.2 Comparing relevant costs of shifting products to TRS100 from HPLC analysis
for assay, content uniformity, and identity testing for marketed products.

HPLC

TRS100

Pieces of equipment

Method development
and validation

Regulatory fees

Required investment

Routine analysis costs

5-8 (depending on average
time required for analysis)

No costs since HPLC method
should be readily available

None

None

Maintenance costs: costs
times pieces:

costs per 100 batches incl.
Men hours, filters, columns,
reagents/solvents, and
standards

1
TRS100 method

Average costs times number of
countries

Equipment and training

Maintenance costs + 10% of
HPLC maintenance costs:
costs per 100 batches incl. Men
hours + 10% of the costs for
HLPC routine for revalidation
and lifecycle management

Costs

Costs

(-]
Costs

4 6 8 10
Years
-
HPLC
< RAMAN
9 10

Figure 4.5.4 Return of investment for (a) low volume products, low labor costs, and low
regulatory costs; (b) effect of high regulatory costs; (c) medium volume products, medium
regulatory costs, and high labor costs.

In a comparable case as presented in Figure 4.5.4a but in contrast having high
regulatory costs is shown in Figure 4.5.4b. The higher costs have a negative impact
and may turn the business case to have a break even after six years.

If the scenario changes to medium volume products (>100 batches per year), with
high labor costs, and medium regulatory costs, the payback period decreases from
four years to about 214 years (Figure 4.5.4c). The impact of labor cost is not that
prominent anymore if one can reduce the men hours from 150 minutes required for
an HPLC result to only 15-20 minutes for TRS.
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Additional considerations contributing to a business case are as follows:

1) TRS can also analyze physical-chemical information like crystallinity, amor-
phous state, solvate, and polymorphic forms.

2) Physical information such as size distribution and tablet hardness can be
assessed.

3) Chemical information on the API and all excipients that have been calibrated can
be derived.

4) The level of expertise required for a staff member to perform a Raman routine
analysis is low.

5) Highly trained laboratory staff can concentrate on more challenging and more
value adding tasks.

6) Outsourced analysis may be insourced again due to freed capacity of staff and
equipment.

7) Manufacturing schemes may be affected, since the number of batches per cam-
paign may be increased.

4.5.3 Transmission Raman Spectroscopy - Another
Practical Guide

Different to liquid chromatographic analytical techniques, TRS is measuring the
entire tablet with all of its components. The spectral features will always be influ-
enced by the manufacturing process. This means also a different setup of teams
with respect to skills is required. The following areas of expertise are recommended
within a core team:

e Spectroscopy

e Multivariate data analysis

o Analytical method validation
o Chromatographic techniques
e Manufacturing processes

The approach has to be interdisciplinary, and all involved functional experts have
to trained to a defined extend, e.g.

o in the reason why specific samples have to be prepared for development and
validation

o variations including their potential effect on the individual spectrum must be
evaluated

These functional experts have to be involved in interdisciplinary discussions to
understand potential risks of their tasks for following projects, in particular con-
cerning the quality and robustness of the TRS method.

A first step in ensuring interdisciplinary understanding is to use clear definitions
and wording, e.g. define the process of developing a spectroscopic and multivariate
method as presented in Table 4.5.3. Thus, there has to be differentiation between
both parts.
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Table 4.5.3 Definition and terminology of the different steps in transmission Raman
analytical method development and validation.

Phase Consists of Definition
Transmission Raman Spectroscopic method Development of suitable settings of the
analytical method development Raman spectrometer for the respective
development product

Model development Establishment of the model based on

DoE samples covering a large range of
required chemical and expected
physical variability

Model calibration Inclusion of additional production
samples to include process variability

Model validation Testing of unknown samples (e.g.
historic production samples and
artificially produced samples) to test the
performance of the model

Transmission Raman ICH validation Accuracy, precision, specificity,
analytical method linearity, range, and robustness
validation

Additionally, it is important to ensure that the samples are named consistently
throughout all analytical applications and software systems used. If this is not pos-
sible, sample information must be tracked in a traceability matrix, preferably also
including information about the process variability of the sample.

4.5.3.1 Evaluation Phase

4.5.3.1.1 Prefeasibility Evaluation

A first and essential part of the process is the feasibility trial. Not all drug products
are suitable for a switch to TRS. The difficulty is that the success of the feasibility is
not only dependent on the API being Raman active but also there are various factors
that have an effect.

One can establish a decision tree with all known factors affecting the technical
probability of success for a drug product. These decision trees can be used for less
experienced functional experts, such as interfaces from quality control or new mem-
bers of the team, to evaluate the different products. An example of such a decision
tree is presented in Figure 4.5.5.

First, general considerations are checked, see Figure 4.5.5, such as API concentra-
tion and colorants, e.g. in capsule shell or coating. The next step is the establishment
of a decision tree concerning the physicochemical properties of the API to assess
the quality of the Raman spectrum. On the one hand, if the API is known to be
Raman active and therefore resulting in a good-quality Raman spectrum as shown
for Tramadol in Figure 4.5.3, the chances of success are high. Still fluorescence of
excipients may interfere. On the other hand, if the API is Raman active but only a
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API concentration
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Figure 4.5.5 Decision tree for main factors: AP| concentration and colorants.

weak scatterer, this does not necessarily mean that the product cannot be switched.
Therefore, a thorough evaluation during feasibility is essential.

The next factor to assess is the excipients.

Coming from univariate analysis, it is less known that the signal of the excipient
matrix is required for robust model as is a signal of good quality of the API. Transmis-
sion Raman spectroscopy is a relative technique. This means that the robustness of
the multivariate model depends on the positive correlation of the API as it depends
on the negative correlation of the excipient matrix components. The lack of nega-
tively correlating peaks results in either a less robust model or in the final conclusion
that is better to remain with the current analytical method instead of switching to
a TRS application. Typically, one of the many excipients is Raman active, so this is
not a knockout criterion. But, if the matrix is only having a weak contribution to the
spectral features, this has to be taken into the risk analysis and must be evaluated
later during TRS method development and validation.

As one part of the prefeasibility study, the business case for each product to be
switched should be considered.
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The following questions can be assessed for this purpose:

1) Are switch of assay, content uniformity testing, and identity testing possible?

2) Are assay and impurities/dissolution testing different methods or measured in
different sequences?

3) What are the current costs of the respective batch release tests in men hours,
machine hours, and costs for consumables?

4) How many batches per year are produced?

5) How many market and stock keeping units are affected?

6) Is it possible to focus on European Union (EU)/US market first?
(Pareto principle - low regulatory burden with highest amount of savings
possible)
Is it possible to split the material identification numbers to two bills of material:
one for all other markets outside the EU and one for all batches produced for the
EU market.

If savings are likely and theoretical considerations as well as preliminary tests on
a product considered positively, the feasibility of the product can be tested.

4.5.3.1.2 Feasibility of a Product

During feasibility, the main focus is to confirm that the API signal within the formu-
lation matrix can be identified. The next step is to carry out a design of experiment
(DoE) for the calibration by varying all major components between 70% and 130%.
Then, the measurements are carried out by plotting the spectra color coding with the
respective concentration. This is exemplified in Figure 4.5.6, where the blue peak is
equivalent to 70%, green is 100%, and the red is 130%.

The spectra of the feasibility test can already be used to for modeling using % [w/w]
of API within the powder bag and also the % [w/w] for each of the excipients to find
negatively correlated peaks.

It is clearly visible in Figure 4.5.7 that there is a correlation between the API
concentration and the spectral information as to be seen in the measured versus
predicted plot in the named figure. Additionally, there is the scores plot presented.
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Figure 4.5.6 (a) Spectra of DoE blends of a product colored by the API concentration in %
labeled claim; (b) magnification of wavenumber range 1560-1650cm=1.
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Figure 4.5.7 Example of a powder DoE model (LV: latent variable).

The scores plot shows the distribution of the sample around the mean of the data. It is
based on the differences in variance between the spectra and depends on the prepro-
cessing of the data, differences due to varying physical properties can be minimized,
and chemical difference can be emphasized.

There are other method requirements to be evaluated during the TRS feasibility
study:

o Can the API be detected in final bulk?

o Does fluorescence interfere?

o Is any of the components (API or excipients) heat sensitive?

e What is the correct choice of laser spot size and detector width?

If all questions are answered and the feasibility has been successfully proven, the
next step is the development of TRS method.

4.5.3.2 Transmission Raman Method Development

4.5.3.2.1 Transmission Raman Spectroscopic Method Development

It is important to determine the best parameters for measuring the respective API
within the bulk product. Usually Raman spectra with distinct API peaks are easily
obtained, but there are several pitfalls possible and optimized Raman spectroscopic
settings are crucial:

e Laser power
o starts with the maximum and one accumulation, reduce depending on fluores-
cence or luminance effect
e Exposure time
o improves signal-to-noise ratio
e Accumulations
o make sure to stay within the linear region of detector (40 000 counts per accu-
mulation) and optimize according to expected sample variation in advance:
m tablets tend to vary in thickness and density: samples of higher density may
result in higher peak intensities
m coated tablets: depending on the nature of the coating peak intensities may
be significantly reduced
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Figure 4.5.8 Different Raman settings of the same data set varying laser power and
exposure time.

Table 4.5.4 Variation in Raman settings for the same matrix.

X DoENN1  X_DoEN2  X_DoE_N3
Laser power (W) 0.65 0.4 0.5
Exposure time (s) 0.1 0.1 0.5

e Measurement scheme, e.g. measurement at more than one spot may be required
o for large, oblong tablet
o bilayer tablets, tablets with embossing or score lines:
check if both sides of the tablets produce the same spectrum.
Effects of different settings are presented in Figure 4.5.8 with the variations
explained in Table 4.5.4.

The TRS system collects raw spectra, which subsequently are preprocessed,
according to the chosen settings. The following settings are possible:

o Cast onto universal axis: Sample peaks are shifted to the next whole wavenumber.
This is a useful setting for large databases mainly build for qualitative analysis and
that the matrix of all measurements (for either qualitative or quantitative analy-
sis) has the same dimension and x-axis labels and can be used for multivariate data
analysis. It also means that the error increases since small changes can result in
different peak positions. Usually, this is of little impact but if the spectral informa-
tion of an API is overlaid by the spectral information of the matrix, it may increase
difficulties in model robustness.
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e X-axis correction: Raman peaks are often related to as shifts. The reason is that
monochromatic laser light is shifted due to interaction with a molecule to dif-
ferent wavenumbers. The shift is dependent on the laser performance, which is
temperature dependent and generally decreases over time. Thus, confirming the
correct peak position using a standard is required to enable long-term stability of
each model.

e Y-axis correction: Peaks intensity is normalized by relating the detector answer
of the measurement of the green glass standard to the detector answer of the
argon-mercury lamp serving as a virtual instrument.

4.5.3.2.2 Risk Analysis

Prior to starting model development, it is recommended, according to quality by
design principles [26], to perform a risk analysis. As for transmission Raman, the
entire tablet is measured and thus including all naturally occurring variability of
the process is crucial for a robust quantitative model. Therefore, the possibility of
producing small-scale batches is important for method development. To assess the
current production process, the process flow charts, the respective master batch
records, and risk analysis are helpful to understand sources of variability, such as
different raw material suppliers and different manufacturing equipment. An addi-
tional source of information may also be the product quality reviews, which provide
not only information about the product performance but also about the robustness
of the process.

To judge the risk of certain sources of variability on the robustness of a Raman
model, one requires the view of the experts on the effect of process variability on
the product and the knowledge of the spectroscopist on the effect on the spectral
data. It is wise to include the operators into the risk analysis and the design of the
trials, as first the quality of their work determines the future success and second their
experience on the effects of downscaling the manufacturing process is important for
the design of the trials.

Considering all this for the performance of the risk analysis, the following func-
tional experts are required:

o Quality control representative

e Production representative

o Formulation development representative

e Raman spectroscopy expert

o Quality assurance representative

o Others: procurement for raw material suppliers

The aim of the risk analysis prior to starting method development is to check the
following:

1) Are there findings from prefeasibility/feasibility study that have to be investi-
gated during method development?
2) Are the Raman spectrometer settings sufficiently assessed?
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3) Which factors have to be taken into account for setting up the DoE?
(a) different raw material grades or suppliers
(b) different manufacturing equipment
(c) process variability within the specification limits that affect the physical
properties of the samples.
4) What is the performance of the current release method?
(a) method error,
(b) preparation of samples and standards,
(c) accuracy and precision.
5) What are the acceptance criteria?

Depending on the outcome of this risk analysis, the DoE for sample preparation
will be set up. Additionally, one may not underestimate the effect of a well-thought
trough labeling of the samples with the thorough documentation of the trials and
the possibility to relate each sample back to its origin.

If it is not possible to mimic all variability of the manufacturing process in the
DoE set, a sampling plan for production batches needs to established. This plan may
also include historic batches, of which enough retention samples are available. In
general, it has been proven beneficial to sample more batches than too few.

The risk analysis should be revisited at least prior to International council for Har-
monization (ICH) validation and after ICH validation according to ICH guideline Q9
on quality risk management [27].

4.5.3.2.3 Transmission Raman Model Development, Calibration, and Validation
Andrews et. al. [28] and Villaumié et al. [29] have published comprehensive articles
about developing and validating a transmission Raman method. They have touched
all relevant topics of method development and method validation, giving also prac-
tical examples. Additional information about precision, intermediate precision, and
instrument bias can be found in Reference [18].

4.5.4 Regulatory Assessment and Guidelines

Due to the increasing areas of application in pharmaceutics, the regulatory agen-
cies have reacted on the requirements of pharmaceutical industries to provide
guidance. After several years of mainly focusing on near infrared and infrared
spectroscopy, which were already included in one way or the other in the European
Pharmacopoeia (Ph. Eur.) and US Pharmacopoeia (Ph. Eur. 2.2.40 and United
States Pharmacopoeia (USP) <1119>/<856>), Raman spectroscopy is now gaining
more regulatory attention. The USP has issued a new chapter on chemometrics
<1039> and is currently drafting a new chapter on Raman <858>. In Ph.Eur,
Raman spectroscopy Chapter 2.2.48 has recently been updated (Ph.Eur. supplement
8.7) including handheld devices. Even though the respective regulatory agencies
have increased their information about spectroscopic techniques in general and
Raman spectroscopy in particular, even providing guidance about multivariate data
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Table 4.5.5 Regulatory guidance documents supporting TRS method development and
validation.

Topic Reference document

Raman spectroscopy Ph. Eur. 2.2.40, USP <858>

Near-infrared Ph. Eur. 2.2.40, USP <856>, <1119>

spectroscopy

Chemometrics Ph. Eur. 5.21, USP <1039>

Spectroscopy and USP 851

light scattering

Guidelines ICH Q2(R1) validation of analytical procedures: text and

methodology (under revision - R2 is drafted)

ICH Q12 technical and regulatory considerations for
pharmaceutical product lifecycle management (Draft)
ICH Q14 analytical procedure development (Draft)

EMA - use of near infrared spectroscopy (NIRS) by the
pharmaceutical industry and the data requirements for new
submissions and variations (R2)

FDA - guidance for industry: PAT — a framework for
innovative pharmaceutical development, manufacturing, and
quality assurance

analysis (chemometrics), there is still a lack of specific information on specification
limits and life cycle management of multivariate models. The relevant documents
are summarized in Table 4.5.5.

There are, however, still topics and concepts, which are not entirely described and
sufficiently understood by the pharmaceutical community due to a lack of expe-
rience in this field. Being used in liquid chromatography and univariate analysis,
the strengths of multivariate analysis are difficult to understand, as the manner of
analysis is not comparable and the results and acceptance criteria cannot be related
to each other one by one. Multivariate analysis results in predictive models, which
have to be revalidated and this results in a different lifecycle management, on which
guidance of regulatory authorities is scarce.

List of Abbreviations

API active pharmaceutical ingredient

DoE design of experiment

EU European Union

FT-IR Fourier-transform infrared spectroscopy
HPLC high-performance liquid chromatography
ICH International Council for Harmonization
LC liquid chromatography

NIR near infrared spectroscopy
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PAT process analytical technology

PLS partial least squares

Ph. Eur. European Pharmacopoeia

TRS transmission Raman spectroscopy

UPLC ultra-high performance liquid chromatography
us United States

USP United States Pharmacopoeia
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4.6.1 Introduction

Particle-size distribution (PSD) of drug substances, excipients, and drug product
intermediates may influence many properties of solid dosage forms, such as their
performance, flowability, content uniformity, or processability. For this reason, a pre-
cise measurement of these particulate systems is of paramount importance [1, 2].
When the particle size of a certain material has a critical impact on dissolution,
bioavailability, and stability of final dosage forms, testing for PSD should be carried
out using appropriate procedures and acceptance criteria [3].

The acceptance criteria should be set based on the observed range of variation
and should consider the dissolution profiles of the batches that showed acceptable
performance in vivo. The potential for particle growth should also be explored during
product development, and the chosen acceptance criteria should take the results of
these studies into consideration [3].

There is a wide range of measurement methods for particle-size analysis, each of
which can be employed over a certain range of particle size and type of products.
Methods such as microscopy (optical and scanning electron), sedimentation, siev-
ing, electrozone sensing, laser diffraction (or light diffraction), and dynamic light
diffraction are used for particle-size characterization in the pharmaceutical industry
[4]. Among the abovementioned methodologies, laser diffraction is one of the most
commonly used techniques in this industry for measuring the PSD of pharmaceuti-
cal products due to the wide range of particle sizes that it can measure. Furthermore,
precise and representative results can be obtained with this technique, which is
highly valuable when dealing with materials whose particle size has a tremendous
effect on their pharmaceutical performance (e.g. inhalation drug substances). More-
over, this technique is easy to work with, and it allows for the measurement of par-
ticle size of samples presented in different physical forms [5]. This laser-diffraction
technique uses the assumption that particles are spherical, being the results com-
monly reported as equivalent-sphere size distributions. Although this approach is
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simplistic, the shapes of the particles generated by most industrial processes are
such that the spherical assumption does not cause serious problems. However, for
non-spherical particles, the PSD obtained using a light-diffraction approach may be
different from those obtained by methods based on other physical principles, such as
sedimentation or sieving. For example, in a sieve analysis, the two smallest dimen-
sion sizes (i.e. thickness and width) of a particle will allow it to pass through the
sieve mesh regardless of the length. As a result, in this technique only 2 dimen-
sions are considered for particle size description. On the other hand, a PSD profile
based on the rate of fall of the particles through a viscous medium will force parti-
cles of a certain shape, such as plate-like, to orient themselves in order to maximize
drag while they are sedimenting, shifting the reported particle size in the smaller
direction.

In the case of image analysis, such as microscopy, particle dimensions are com-
monly described by their particle diameter. In the case of spherical particles, the
particle-size description by just its diameter is not an ambiguous measurement; how-
ever, for irregular particles, different diameter definitions may be encountered in
the literature, such as Feret’s diameter, Martin’s diameter, and projected area diam-
eter. In detail, Feret’s diameter measures the distance between parallel tangents
on opposite sides of a randomly oriented particle, whereas Martin’s diameter has
in consideration the diameter of the particle “at the point that divides a randomly
oriented particle into two equal projected areas” [6]. Depending on the particle ori-
entation upon the measurement, Martin’s and Feret’s may differ. Thus, it is impor-
tant to obtain statistically significant measurement for these diameters through the
analysis of a large number of randomly oriented particles. Projected area diameter,
on the other hand, measures the diameter of a sphere having the same projected
area as the particle. Representative images of these diameter measurements may
be encountered in United States Pharmacopeia (USP) <776> Optical Microscopy
chapter [6].

Based on the above, it is not a surprise that slightly different PSDs may be obtained
if a given sample is analyzed by different analytical methodologies.

PSDs are commonly represented as frequency (also referred as differential) or
cumulative curves. In the first case, the distribution plot represents how frequently
each particle size is observed. These distributions can be based on weight, number,
surface area, or volume of the particles. These frequency plots also give interesting
information about the number of populations of particle sizes in a sample; when
the sample is homogeneous in terms of its particle size, a single peak in the
distribution is observed. However, it is also possible that the sample presents
multiple particle-size populations. For example, the frequency graph in Figure 4.6.1
shows a bimodal curve where it is possible to observe a larger particle-size pop-
ulation with a particle size in the micro size range and a smaller submicron
population.

The plots in cumulative distribution curves are represented by the particle size
versus the cumulative percentage at or below a given size (Figure 4.6.1). This
representation is more useful for estimating statistical parameters. The x-axis in
both PSD representations may be described using a logarithmic x-axis distribution
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Figure 4.6.1 Representation of different particle-size distribution curves (frequency and
cumulative) using different x-axis scales: (a) logarithmic; (b) linear.

(Figure 4.6.1a) or a linear x-axis distribution (Figure 4.6.1b). The first representation
is usually used in the cases where the samples present a wide PSD.

To simplify the PSD interpretation, it is a common approach to report the central
point of the distribution together with two other points which describe the coarsest
and finest particles, for a better description of the curve width. Dy, (or X50) is a
commonly used term to represent the median, which is the particle size where 50%
of the population lies below/above this value. On the other hand, Dy, (x90) indicates
that 90% of the distribution is below this size and D, (x10) presents the size where
10% of the population lies below.

4.6.2 Analytical Methodologies Used to Measure
Particle Size

4.6.2.1 Sedimentation

Sedimentation methods are based on Stokes’ law, which defines the velocity of par-
ticles settling in a viscous liquid when exposed to an accelerating force such as grav-
ity. Gravitational sedimentation methods are best suited to particles in the 2-50 pm
range. Limitations of this technique include the fact that Stokes’ law is only valid for
spheres and particles unaffected by Brownian motion (the latter limiting submicron
particle measurement). Furthermore, for this technique to be applied, it requires the
knowledge of the density of the powder under investigation, as well as a temperature
control to avoid fluctuations in the viscosity of the liquid phase [4].

4.6.2.2 Electrozone Sensing

Electrozone sensing equipment (also known as Coulter counters) analyses powder
particles as diluted suspensions in an electrolyte. In the suspension, there are two
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electrodes that are separated by a very small aperture and, by applying a field
between the two electrodes, the particles are made to flow through the opening,
producing a voltage pulse. When a particle passes through the aperture, the mea-
surable disturbance in electric field is proportional to the volume of the particle.
Since the signal is originated from the displacement of the electrolyte caused by the
particle, the measurement of the particle does not depend on any optical properties.
If a very large aperture is chosen, then the risk of multiple particles passing through
it together and being counted as a single particle increases. This method is reliable
in the micron size range and avoids the need to know the physical properties of the
powder being analyzed. The limitations of the aperture result in a lower size limit
of about 0.4 pm, and obviously, very wide size distributions will be more difficult to
measure [4].

4.6.2.3 Sieving

Sieving is the method of choice in starting raw materials, such as excipients, and
drug product intermediate characterizations involving powder blending or granu-
lation steps. It requires large quantities of material for these measurements. Drug
substances are not commonly evaluated by sieving due to their low particle size,
as well as their more irregular particle shapes. Sieving is most suitable for powders
whose average particle size is >30 pm. Sieve analysis does not account for particle
shape effects of different particles. The two minor dimensions of a three-dimensional
particle dictate whether a particle passes through a mesh opening. The major dimen-
sion does not affect the particle-size calculation or the PSD [5].

4.6.2.4 Microscopy

Optical microscopy and scanning electron microscopy (SEM) can be used to evaluate
the PSD of samples. The optical microscopy method is applicable to particles in the
0.8-150 pm size range and down to 0.001 pm when using electron microscopy. These
microscopy techniques use extremely small sample amounts. Thus, these analyses
require an extremely sensitive step of sample collection to assure that a representa-
tive sample is analysed.

4.6.2.5 Dynamic Light Scattering

Dynamic light scattering (DLS) is a light scattering technique for particle character-
ization of colloidal dispersions, providing size information in the nanometer (nm)
range, which is out of the primary range of static light scattering (e.g. laser diffrac-
tion). For DLS measurements, particles need to be suspended in a liquid and, by the
measurement of its Brownian motion, their size is therefore determined. Brownian
motion is the random movement of suspended particles in a liquid resulting from
their collision with the fast-moving molecules in the fluid. Larger particles will gen-
erate slower Brownian motions. The particle diameter that is measured in DLS is a
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value that refers to how a particle diffuses within a fluid, and for that reason, it is
referred to as a hydrodynamic diameter. In this methodology, the temperature needs
to be stable during the experiment; otherwise, convection currents in the sample
will cause nonrandom movements that will have a negative impact on the correct
interpretation of the size [7].

4.6.2.6 Laser Diffraction

As aforementioned, laser diffraction is one of the most commonly used techniques
for measuring the PSD of a wide range of particle sizes. This method consists of the
analysis of the diffraction pattern produced when particles are exposed to a colli-
mated beam of light. Due to recent advances in optics and lens and equipment design
and construction, newer instruments are routinely capable of measuring particles
from 0.1 pm to 8 mm. It is therefore the responsibility of the user to prove the appli-
cability of the instrument for its intended use and to validate the method prior to its
adoption for routine usage [8, 9]. In general, for a PSD evaluation, a representative
sample, dispersed at an adequate concentration in a suitable liquid or gas, is passed
through the beam of a monochromatic light source, usually from a laser. The light
scattered by the particles at various angles is measured by a multielement detec-
tor, and numerical values relating to the scattering pattern are then recorded. These
numerical scattering values are then transformed using an appropriate optical model
and mathematical procedure, resulting in a volumetric PSD (e.g. x50 describes a par-
ticle diameter corresponding to 50% of the cumulative undersize distribution) [9].

4.6.3 Method Development for Precise Particle-size
Measurements by Laser Diffraction

4.6.3.1 Instrumentation and Measurement

The laser diffraction technique consists of light source(s), a measurement region,
optics to collect the scattered and unscattered light, multielement detector(s), and
the needed hardware and software for the computations. Commonly, more than
one light source may be used, which usually comes from lasers. Sources of different
wavelengths are mainly used to extend the size range, especially to better charac-
terize samples in the submicron region. The detectors used in the analysis must
ensure the adequate spatial resolution needed to best define the diffraction pattern.
Depending on the instrument design, different lenses may be used for specific size
ranges. The light scattered by the particles at different angles is transformed, using
an appropriate optical model and mathematical procedure, to yield the proportion
of total volume to a discrete number of size classes, forming a volumetric PSD [9, 10]
(Figure 4.6.2).

When a representative sample is dispersed, it passes through the light beam in a
measuring zone by a transporting fluid (gas or liquid). The measuring zone should be
within the working distance of the lens used. In liquid or gas dispersions, the inter-
action of the incident light beam with the dispersed particles results in a scattering
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Figure 4.6.2 |llustration of common laser diffraction instrumentation configurations.
Source: Adapted from Stetefeld et al. [7].

pattern with different light intensities at various angles. The total angular intensity
distribution consists of both direct and scattered light [8, 9].

Before undertaking a measurement, it should be ensured that the optical part of
the instrument is aligned so that the blank measurement can be performed. During
sample analysis, the magnitude of the signal from each detector element depends
upon the detection area, the light intensity, and the quantum efficiency. The coor-
dinates (size and position) of the detector elements together with the focal distance
of the lens determine the range of scattering angles