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Summary

“Right First Time" is today the actual slogan of all
major pharmaceutical companies. However, a closer
look to the generally accepted workflow during phar-
maceutical R&D, scale-up, product launch, etc. of a
solid dosage form, reveals, that the situation is not at
all ideal. In fact, the first clinical trials of a new active
substance start in general with a “service” dosage
form - often a capsule formulation -, which is not
identical with the “prototype” formulation in a later
clinical phase, when the marketed dosage form is real-
ized. Such a preliminary “service” dosage form cannot
comply with the idea of “Right First Time". The sub-
sequent follow-up activities, the fast prototyping, the
bioequivalence testing, the scale-up procedures add
additional uncertainties, which slow down the process
of time to market and yield finally a 2-3 sigma manu-
facturing performance. If there is a goal for a final six-
sigma quality of the marketed dosage form, it is man-
datory to start the clinical phase | with the desired
final marketed dosage form. Thus, no service form
and subsequent bioequivalence testing is needed.
Long-term stability testing, with the right formula-
tion can be started at the time of the first clinical trial.
This ambitious goal is achieved by applying virtual
R&D reality, which includes the replacement of lab
work by computer, increasing the productivity, and a
computer-aided scale-up approach. In this context, it
will be a prerequisite to abandon the 80%/20% Pareto
rule and to implement thanks to e-R&D and e-Manu-
facturing a 100%/10% concept, i.e. to achieve a “Zero
Defect” Manufacturing Performance using much less
resources. Like in the aircraft industry, substantial sav-
ings should be possible. The paper discusses solutions
to facilitate the scale-up process using the follow-

ing tools: 1) F-CAD (Formulation - Computer-Aided
Design) in order to check the robustness of a specific
formulation, 2) A specific computer-aided scale-up
model, which takes care of the most critical unit op-
eration, i.e. the wet agglomeration process, 3) Virtual
large-scale equipment simulators.
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1. Introduction:
1.1. First contact with the reality

Drug-excipient compatibility studies:

The corresponding author joined Sandoz Pharma Ltd. in 1971 (see:
http://www.ifiip.ch/content/de/about-ifiip/cv-head.html) as head
of the "drug-excipient compatibility” laboratory of the Pharma-
ceutical Analytical R&D Department. Before he joined 2 years later
the Pharmaceutical R&D Department, the drug-excipient compat-
ibility tests were performed as follows: An accelerated stability
test was done at 50°C and compared to 4°C with drug-excipi-
ent powder mixtures, consisting of the drug and functional ex-
cipients, simulating formulations according to a factorial design [1]
(see: www.ifiip.ch/content/de/downloads/articles-download.html,
A Factorial Design for Compatibility Studies in Preformulation
Work). The degradation of the drug substance was determined
using a semi-automated TLC (Thin Layer Chromatography). For a
facilitated detection of the drug and its degradation products, the
drug has been labelled by Tritium. Today, no labelling is necessary
and such tests are performed much faster with the automated
equipment of RPD Tool (http://www.rpdtool.com/), using HPLC,
respectively UPLC for chemical analysis (see Fig. 1). Fig. 1 shows
a diagrammatic representation of the automated equipment. The
task needs just a fraction of time and laboratory work, compared
to the past. Thus, savings of the order of 60%-80% are possible.
In addition, this equipment is able to measure, if desired, physico-
chemical properties of the formulation and of its components (see
presentation “Automated stability assessment — An approach for
rapid formulation development” in http:/www.ifiip.ch/content/de/
downloads/download-presentations.html).
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Fig. 1: System for testing drug-excipient compatibility and storage stability of prototype formulation or final marketed dosage form.

(RPD Tool, 4123 Birsfelden, Switzerland).

On the one hand, the pharmacopeia does not specify which prop-
erties of the drugs, excipients, formulations need to be determined
in a mandatory way. On the other hand, some very relevant proper-
ties of the starting material, resp. formulation are not included in
the pharmacopeia.

Innovations in a highly regulated environment:

It became evident that innovative projects have difficulties to be im-
plemented (see: http://www.ifiip.ch/content/de/innovations.html).
Questions such as “Corresponds this new equipment to the cGMP
rules?” or “Is this new process already accepted by FDA?"” do not
boost necessary improvements concerning process technology etc.
In addition, the IP (Intellectual Property) department of the phar-
maceutical company will tell to the scientist in the R&D Department
that the new idea is not worth to be protected due to the fact
that a pharmaceutical company is not at the same time an equip-
ment manufacturer. Unfortunately, equipment manufacturers do
not have in general enough resources and/or are lacking of a phar-
maceutical experience.

The wet agglomeration process:

The topic “agglomeration” is of interest to many different indus-
tries [2] (see: http://www.ifiip.ch/content/de/downloads/swiss-
pharma.html SWISS PHARMA Issue 7-8, 1985). In the pharmaceu-
tical industry, the most critical step is the addition of the correct
amount of granulating liquid during the moist agglomeration proc-
ess. Thanks to Marcel Dirrenberger (Sandoz Engineering Depart-
ment), and Dr. Jirgen Werani (Sandoz Pharmaceutical Manufactur-
ing Department) it was possible, at that time, to develop in-house
the first power consumption “PAT" device, which monitors the wet
agglomeration process, and controls the amount of granulating lig-
uid [3], see: “Granulation, New Techniques”, in http://www.ifiip.
ch/content/de/downloads/articles-download.html, respectively [4]

4

“Scale —up of Granulation Process with Reference to Process Moni-
toring”. This very early power consumption PAT (Process Analytical
Technology) device reduced the statistical variance of batch-to-
batch quality of the yield of the granule size distribution between
90 ym and 710 pm by more than one order of magnitude:

Table 1 (see below): Yield of the granule size distribution as a result
of a PAT controlled addition (Automatic mode) of the granulating
liguid compared to the classical addition using a constant amount
of granulating liquid, see M. Durrenberger, J. Werani, cited in [2]
http://www.ifiip.ch/content/de/downloads/swiss-pharma.html
[ssue 7-8, 1985.

Type of mode yield (% w/w) % undersize  undersize
90-710 pym <710 pm <90 pm

Manual mode

n = 20 batches 81.03+242 8830+2.05 6.80=+0.51

Automatic mode g9 45,036 96.80+0.31 540 0.35

n = 18 batches

Table 1 describes the yield of the granule size distribution as a result
of a PAT controlled addition of the granulating liquid. The regime
of “Automatic Mode" is based on the power consumption profile
of the formulation and the equipment used, taking into account
the particle size distribution and the moisture content of the start-
ing material [3], see http:/www.ifiip.ch/content/de/downloads/
articles-download.html Granulation, New Techniques. Thanks to
the much better batch-to-batch quality, the control settings of the
high-speed tableting machine could be kept constant and did not
need any batch specific adjustments. These excellent results con-
vinced the management to introduce at all relevant production sites
in the Sandoz world identical high-shear granulators, equipped
with such a power consumption control device. This has been an
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extremely wise decision at a very early time in the spirit of today’s
PAT and QbD (Quality by Design) Initiative.

Surface response research / formulation sensitivity analysis:

Early publications at Sandoz include the application of mathemati-
cal modelling [5, 6], see http://www.ifiip.ch/content/de/downloads/
articles-download.html. Drug Delivery Systems for Patient Compli-
ance. The paper shows the landscape of a placebo formulation tak-
ing into an account the quantitative effect of excipients and of proc-
ess variables, exploring the design space. In today’s spirit of QbD
such an approach corresponds to a sensitivity analysis concerning
the robustness of a formulation. Unfortunately, such a study in the
laboratory needs too many resources, which makes such an ap-
proach — based on an extensive laboratory work — unrealistic.

—

S Hardness

+- Concentration of Magnesium Stearate

Fig. 2: Sensitivity analysis: Landscape representation of a tablet hardness as
a function of the compression force and the concentration of magnesium-
stearate in a formulation [5,6].

The high batch-to-batch variability of product properties of many pharmaceu-
tical unit operations have prompted the PAT and QbD initiative of FDA.

1.2. Process Analytical Technology (PAT) and Quality by Design
(QbD) Initiatives
FDA became alerted due to the fact that the number of innovative
medical products to be registered is decreasing, and that, at the
same time, the development costs are constantly rising. In addition,
the manufactured products often need a final quality screening, i.e.
to sort out defectives. It has been reported that the manufactur-
ing performance of the pharmaceutical industry complies with ca.
2-3 sigma, which is low compared to the chip industry with its six-
sigma-performance. Six-sigma means, practically, to have a produc-
tion with zero defectives. In order to achieve such a performance,
it is necessary to check and optimize each pharmaceutical unit op-
eration, and each formulation. A typical and critical unit operation
concerning scale-up is the wet agglomeration process [3,4]. Mid
February 2004, Helen N. Winkle, Director of FDA's Office of Phar-
maceutical Science (OPS) together with Dr. Ajaz Hussain, at that
time, Deputy Director of OPS paid a visit to the University of Basel.
The central theme was the PAT research work of the Institute of
Pharmaceutical Technology, which received in 1994 the Innovation
Award of the Governments of Basel-City and Basel-Country for the
special concept of a quasi-continuous granulation line developed
together with the equipment manufacturer Glatt AG in CH-4133
Pratteln, Switzerland. The visitors from FDA had the opportunity
to see this technical solution at the Goedecke/Pfizer solid dosage
form plant in Freiburg, Germany. This granulation line combines
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the advantages of a batch and a fully continuous process, i.e. it is
possible to produce just a batch of the size of 6 kg or a multiple of
n of 6 kg with n up to n = 100, i.e. 600 kg. It is important to realize
that the small-scale batch and the large-scale batches are manufac-
tured with the same equipment! This innovation takes care of the
concept of “Right First Time": The first 6 kg are fine and have the
same quality as the consecutive ones! In contrast to a real continu-
ous process, there is no need to wait until the process has reached
its equilibrium. Dr. Jirgen Werani, at that time Area Leader Europe
RFT (Right First Time) at Pfizer Global Manufacturing, has been
very much in favour of such a concept [7] (see: http://www.ifiip.ch/
content/de/downloads/download-presentations.html “Continuous
processes in manufacturing solid dosage forms”).

This concept goes beyond the earlier idea of Sandoz Pharma Ltd.
(see chapter 1.1) to install at all their manufacturing sites the same
equipment in order to have the same quality everywhere. The in-
novation, in case of the semi-automated granulation line, is the fol-
lowing: both, i.e. the development and manufacturing sites use the
same equipment! Thus, it is possible to develop and optimize the
first formulation “right first time” and to manufacture small-size
and large-size batches with the same equipment and with the same
quality. The scale-up job, using a semi-continuous equipment, will
be different from a classical one, as the scale-up exercise will be
executed in the 4™ dimension [8]. If the formulation is robust from
the very beginning, i.e. "right first time”, no problems should be
expected.

1.3. State-of-the-art

The PAT and QbD initiative has been well received by the manu-
facturing departments of the pharmaceutical companies, applying
sophisticated and expensive “at-line, in-line, and on-line” measure-
ment devices to get a better formulation and process understand-
ing during pilot plant manufacturing. In the pre-formulation and
early development departments the situation is more complicated
due to the fact that there are many projects in the pipeline with
more or less equal priority. The problem is the presence of the high
project attrition rate [9]. For this reason it is understandable that
the pharmaceutical industry follows the 80%/20% Pareto rule, i.e.
to invest 20% of the resources to obtain 80% of the goal. The
disadvantage of such an approach is that only a manufacturing per-
formance of ca. 2-3 sigma can be obtained [9] (see: www.ifiip.ch/
content/de/downloads/swiss-pharma.html, Issue 7-8, Year 2009,
www.ifiip.ch/content/de/downloads/download-presentations.html
“QbD Initiative Impact on Development and Manufacturing”. Ac-
cording to the Pareto Rule the first dosage form, often called “serv-
ice form” for the early clinical trials, is a relatively simple one, e.g.
a hard-gelatine capsule formulation. Then, the final dosage form
for the market is designed in clinical phases Il, Ilb or early phase Il
depending on the company’s specific nomenclature. It is probably
the result of services of major consulting companies that the global
pharmaceutical industry has adopted practically the same approach
in order to streamline the workflow and to reduce overhead costs.
A typical “service dosage form” consists of the necessary amount
of drug and standard excipients such as lactose, cornstarch etc. The
guestion arises if such a standard procedure is the best one? Why not
a standard capsule or tablet formulation consisting of a mixture of
the drug substance with e.g. the new microcrystalline cellulose MCC
Sanaq Burst, see: http://www.pharmatrans-sanaq.com/prod.html.
This new cellulose is the diamond among the different crystalline
cellulose modifications: MCC Sanaq Burst is a multifunctional excipi-
ent with superdisintegrant, binder and filler properties, which can be
used as direct compression vehicle. Due to the better taste than the
other types of cellulose, MCC Sanaq Burst has a great potential to
become the vehicle of choice for oral dispersible tablet (ODT) formu-
lations (see video of the disintegration of a prototype MCC Sanaq
Burst ODT formulation compared to an ordinary MCC formulation
at http://www.ifiip.ch/content/de/downloads/multimedia.html). This
new type of cellulose was studied at the University of lowa by Prof.
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Fig, 3: Disintegration of classical MCC pellets (Avicel PH 102) and MCC Sanaq Burst pellets with a drug load of 80% (w/w) Chloramphenicol after staying 5

sec in water (study sponsored by Pharmatrans Sanaq [10]).

V. Kumar and during several PhD studies (V. Bolzano, E. Darronqui,
M. Lanz, F.S. Mdiller, and M. Rumman) at the University of Basel. A
recent study [10] at the University of Duesseldorf revealed that MCC
Sanagq Burst could be used for manufacturing fast disintegrating pel-
lets by the extrusion method (see Fig. 3).

The standardized procedure of manufacturing service forms has
a dangerous lack of flexibility, as all “service dosage forms” are
treated in the same way, independently of the drug indication.
Unfortunately, the current first “service” dosage form is by nature
not an optimized and robust one. The regulatory guidelines do
not allow major changes in the formulation during the clinical
trials, i.e. the initial formulation has been “frozen”. Taking into an
account all factors systems research tells us in a straightforward
way that it is practically impossible with such a concept to achieve
a six-sigma quality performance. The reason is the following: Er-
rors are propagating and it is extremely seldom that errors cancel
each other. Fig. 4 illustrates this situation with the following flow
chart:

"Service" Dosage Form (?-sigma quality)

Small scale production

Prototype Formulation & Bioequivalence Test

Scale-up exercise (with error propagation/mitigation?)

Mass production of final marketed dosage form (2-3 sigma quality)

Fig. 4: Flow chart “From small scale production for first clinical trials to large
scale production”. This flow-chart covers the “Industrialization” part of FDA's
Critical Path Initiative.

FDA considers the “Industrialization process” as a critical path (see:
FDA Whitepaper March 2004, Three Dimensions of the Critical Path
in “(Invited) Presentation, Visit at FDA 2005" at http://www.ifiip.
ch/content/de/downloads/download-presentations.html. One of
the critical steps is the “Scale-up exercise”, where small- and large-
scale equipment is involved. The following discussion excludes the
problem of possible human errors, which can always happen. The
variety of different sizes of the relevant process equipment in the
pharmaceutical industry is impressive. Probably, on a global scale,
the equipment is as different in size and type as the vehicles of the
Taxi-Service Enterprise at the respective geographical location, i.e.

6

ranging from a low-cost motorcycle with a sidecar, to an expen-
sive “stretch-limousine” with all necessary and unnecessary acces-
sories. Why do we make such a comparison? What do small and
large-size vehicles and small and large-size pharmaceutical equip-
ment, such as a mixer/granulator, have in common? Both the vehi-
cles and the mixer/granulators do their job. However, none of them
complies with Buckingham’s Theorem of geometrical, kinetic and
dynamic similarity, see [4] article, resp. http:/www.ifiip.ch/content/
de/downloads/articles-download.html Scale-up of Granulation
Processes with reference to Process Monitoring. In other words,
there is no self-similarity between the small- and large-scale equip-
ment concerning shape and functionality.

Indeed, the performance of the vehicles is very different, i.e. a
small-scale car with an economic motor cannot be compared with
a high-speed “Formula 1" racing car. The differences in their per-
formance can be quantified by power consumption of the motor
or simply by the noise developed etc. This can be also done, as an
example, in case of a mixer/granulator, see the slide show of gsk
(Glaxo Smith Kline) at http:/www.fda.gov/ohrms/dockets/ac/02/
slides/3841s1_05_Rudd/sld016.htm

The acoustic signals of the mixer/granulator in this gsk-slide show
represent a “fingerprint” of the formulation and of the equipment
used. This “fingerprint” can be very helpful for keeping the same
batch-to-batch quality performance.

The power consumption of a car depends on its weight and its
load, as well as on the landscape where the car is driving, being
different in a flat or mountainous area. In case of a mixer/granu-
lator the power consumption profile depends on the size of the
equipment and on its load (batch size) and on the formulation. The
formulation has the property of the “landscape” in Fig. 2.

The goal of the wet agglomeration, and the subsequent drying
process, is to obtain the necessary granule size distribution which
favours granule flowability and compressibility for subsequent tab-
leting. As the density of the granules plays a role, it is advisable,
to measure the power consumption profile (PCP) during the wet
agglomeration process.

In order to analyse and understand PCPs of the same formulation
using equipments of different size, it is necessary to deduct the no-
load power consumption to get a common base-line. The resulting
profile describes the behaviour of the formulation during the wet
agglomeration process, which is specific for the formulation and the
equipment (see [2] resp. http:/www.ifiip.ch/content/de/downloads/
swiss-pharma.html, SWISS PHARMA, Issue 7-8, 1985 resp. [3,4].
resp. http://www.ifiip.ch/content/de/downloads/articles-download.
html “Granulation, new techniques, “Scale-up of granulation proc-
esses with reference in process monitoring”. Interestingly, it became
evident that the native so-called “green granules” show a self-similar
granule size distribution, if normalized with its mean value, as a func
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tion of the granulation liquid added [2]. This may be of interest for
validating in-situ measurements of the evolving granule size distribu-
tion during the wet agglomeration process.

2. The New Approach

2.1. Right First Time

The new approach consists in replacing expensive laboratory work
by computer deskwork, i.e. in-silico design. This is possible, thanks
to the availability of relatively cheap high-performance computer
hardware and special software such as F-CAD based on a first prin-
ciple approach using mass-parallel computing and cellular auto-
mata, [9], see http://www.ifiip.ch/content/de/downloads/articles-
download.html| SWISS PHARMA, Issue 7-8/09. This article with the
title “Implementing Virtual R&D Reality in industry: in-silico design
and testing of solid dosage forms” describes how laboratory work
can be replaced by in-silico work. This new approach is however
not at all a job-killer, it is just a new and effective tool! It is the
expert in pharmaceutical technology and her/his ideas which will
be more and more needed to do an excellent job. It is not the tool,
i.e. the knife, it is the artist who creates a beautiful sculpture and it
is the expert using the tool to design an optimal formulation. In ad-
dition, the laboratory work will become much more exiting, e.g. by
validating with a very few experiments the formulations, suggested
by F-CAD! And it will be an additional motivation to get the result
right first time!

Thus, already at an early stage of the development with many inter-
esting drug candidates, and with a small amount of drug substance
robust formulations can be manufactured, i.e. the productivity of
the development laboratory will significantly increase. According to
the proof of concept [9] the desired dosage form can be manufac
tured “right first time”. Most important, it is possible to create in-
silico, i.e. without additional laboratory work, a landscape similar to
the one in Fig. 2. However, the focus in this “Landscape”, i.e. “Sen-
sitivity Analysis” is not the tablet hardness, but the drug dissolution
profile of the formulation studied. Interestingly, on the one hand,
the drug dissolution property is extremely sensitive to changes in
the formulation. On the other hand, it is very difficult to model this
property, as ANN-studies have shown in [11] see http:/www.ifiip.
ch/content/de/downloads/download-presentations.html “Pharma-
ceutical process optimization with Artificial Neural Networks”.
F-CAD has the advantage to be based on cellular automata, i.e. on
a first principle approach [9].

The beauty of this “first principle approach” is the fact that the
main contribution of the “ drug dissolution profile” is related to the
composition of the formulation and to the intrinsic dissolution rate
of the drug substance in different buffer solutions. The difference

Product and Process Quality Knowledge:
Science-Risk Based cGMP’s

MECHANISTIC
UNDERSTANDING

GMP/CMC FOCUS
Design qualification

Quality by Design

Process Design

Yes, Limited to the

Exp'en'menta}' A 7\
Design Space /' CAUSALLINKS
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Process Control
Points (PAT)

Maybe,
Difficult to
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Fig. 5: Knowledge Pyramid (Courtesy FDA, Dr. A. Hussain, FDA).
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in the type of equipment (basket-, resp. paddle-apparatus) is taken
into account by means of a “fine-tuning” calibration.

Knowing the “landscape” of a new drug formulation it is possible
to choose right first time the desired robust formulation. Within a
rigorous concept it would be best to start the clinical trials directly
with the final marketed dosage form in order to avoid any later
bioequivalence testing (see Fig. 6):

Desired dosage form (six sigma quality)

Small scale production

No bioequivalence test necessary

I —
I —
I —
I —
—r———

Scale-up exercise

Mass production of marketed dosage form (six sigma quality)

Fig. 6: Flow chart “From small scale production for the first clinical trials to
large-scale production according to the new approach starting and keeping a
six sigma quality”.

The desired dosage form can be the final marketed dosage form,
or an advanced type of “service dosage form”, which avoids the
problem of an adverse drug load effect described in the PhD thesis
of Johannes von Orelli [12]. The innovation cycle for such a new
“service dosage form” needs not to be the same as in case of an
“i-phone”, but should show a real improvement: Such an “i-service
dosage form”, as an example, could consist of fast disintegrating
pellets with a drug load of up to 80% (w/w) [10]. Thus for the dos-
age range finding in the clinical phase I, it will be just the number
of pellets being identically, which will define the dose (see Fig. 3).

2.2. Applications of F-CAD

Fig. 7 shows a screenshot of an oblong solid dosage form, which
interacts in-silico with the aqueous dissolution medium containing
a swelling excipient. The picture is a real-time copy of the contents
in the computer memory of a high-performance mass parallel com-
puter unit.

Fig. 7: Screenshot of a computer-generated matrix type formulation, which
contains a swelling excipient (yellow) after time t* = 100 sec.
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It is evident that it is possible to create with a series of such pictures
a fast or a slow-motion movie. The identical experiment in a labora-
tory would be very time consuming.

The following list of F-CAD applications may not be comprehen-
sive, but summarizes the actual status:

2.2.1. F-CAD [13] can establish in a very short time a “land-
scape” (see Fig. 2) i.e. “sensitivity” analysis of any drug
formulation with the focus on the drug dissolution profile.
Thus, it is possible with a very low amount of drug sub-
stance to manufacture a robust optimal dosage form for
the market. Such an approach will speed up the time to
market and increase the productivity of a pharmaceutical
company.

F-CAD is able to boost the development of innovative dos-
age forms, if the physicochemical and biopharmaceutical
properties of the drug [9] are known, such as for a fast
and/or slow drug delivery, including ODT (Oral Dispersible
Tablet) formulations or fast disintegrating MCC Sanaq Burst
pellets (see: http://www.pharmatrans-sanag.com/prod.
html).

F-CAD can be used for developing combination drugs [14]
based on existing (blockbuster or other excellent) drugs
to improve patient compliance by reducing the number
of dosage forms to be administered, especially in case of
elderly patients, suffering from many diseases. Drug — ex-
cipient compatibility and stability studies can be done fast
by RPD Tool (see: http://www.rpdtool.com/). Combination
drugs are of interest to originator and generic drug com-
panies.

F-CAD can be used to facilitate significantly the work of a
generic company: F-CAD needs as input only the dissolu-
tion profile (in different buffer solutions) of the originator’s
dosage form and its qualitative composition. F-CAD, then
takes care, suggesting a robust formulation with the same
excipients.

F-CAD is a powerful tool to explore the robustness of
existing formulations: the knowledge of the dissolution
rate profile, the qualitative and/or quantitative composi-
tion is sufficient. Thus the company involved and or the
governmental registration authority will know immedi-
ately the quality and robustness of the formulation, or
its weakness.

F-CAD is able to speed-up the development of generic drug
products which will allow lower cost generics, being in the
interest of governments in order to reduce public health care
costs.

2.2.7. F-CAD can be of special interest to virtual pharmaceutical
companies, outsourcing all services and activities.

F-CAD can be of special interest to companies, managing,
buying, selling and licensing IP (Intellectual Property) rights
for pharmaceutical companies.

2.2.2.

2.2.3.

2.2.4.

2.2.5.

2.2.6.

2.2.8.

2.3. Hurdles of the drug substance and the role of dosage form
design
Typical hurdles for the drug substance are in general its solubil-
ity, stability, permeability and the first pass effect (see Fig. 8). The
beauty of a drug substance is its intrinsic value, i.e. its pharmaco-
logical effect and not the solubility or other external properties.
Unfortunately, a cosmetic surgery of the drug substance, in order
to improve its solubility, often jeopardizes its therapeutic effect.
Thus, it is the role of the dosage form designer to find a tailor-made
solution.
Interestingly, each drug substance looks really different, i.e. a tailor
made solution is necessary. F-CAD can be very helpful to design an
optimal “dress” in order to cover up the deficiencies of the drug
substance such as solubility, stability, permeability, short biological
half-life etc.

8

Fig. 8: Some major hurdles for a new drug substance (Courtesy FDA, Dr. A.
Hussain, FDA).

Assuming that a beautiful formulation has been developed, what
about the problem of scale-up? Unfortunately, this question is dif-
ficult to answer in a straightforward way since the hurdles are often
not well known. The reason is the following: First, it is essential to
know more about the robustness of the model-formulation, i.e.
the formulation should not be only beautiful but also robust. Such
information can be obtained with a “landscape” or “sensitivity
analysis” in the design space, which is favoured by ICH 8 [15]. Such
an approach is however only feasible if the number of necessary
experiments in the laboratory can be reduced.

Secondly, it is important to distinguish the effective influence of
the formulation from the influence of the equipment involved dur-
ing a scale-up exercise. This is illustrated as follows: What is the
cause when driving a car in a mountainous area and a wheel breaks
down? In the picture of chapter 1.3: Is it the landscape (formula-
tion) or a problem of a car (pharmaceutical equipment) or is the
driver, i.e. a human error, the cause? Human error can be to a cer-
tain degree eliminated by an intensive training of the driver (see
chapter 2.5). It is extremely difficult to make a clear distinction. An
attempt is described in the next chapter, which is concerned with
one of the most critical unit operations in the scale-up exercise, the
wet agglomeration process.

2.4. The wet agglomeration process

The wet agglomeration process has been partly already discussed

(see chapter 1.1. and 1.3). The following points are essential:

A) One of the most critical questions is the necessary amount of
granulating liquid needed in case of a small and of a large scale
equipment,

B) The contribution of the size and type of the mixer/granulator,

C) The influence of the formulation, i.e. more precisely, the influ-
ence of the composition with different properties (solubility,
swellability, wettability of the excipients and the drug) if water
is used as a granulating liquid. The latter point becomes very
important if the task of a “landscape” or “sensitivity analysis” is
taken from a rigorous scientific point of view: In the search for
the optimal formulation, the composition will vary having more
or less excipients, which may swell and pick up water, which
then cannot form (binding) liquid bridges in the wet agglomera-
tion process. In this context, it is mandatory that the amount
of water as granulating liquid is adjusted to the change in the
formulation. It is possible to take care of this problem by measur-
ing the complete power consumption profile. Such an approach
allows the definition of a specific, normalized quantity m (see
Fig. 9) of granulating liquid [2] independent of its composition
[16].

The quantity Ss in Fig. 9 corresponds to the fully developed “capil-
lary state” of the complete powder mass forming one large “snow-
ball” pellet. This “snow-ball like” pellet disintegrates after further
addition of liquid, leading to a final increase of the power consump-
tion curve, as the impeller blades start to chop the snow ball.

From the point of view of percolation theory, the wet agglomera-
tion process can be considered as a ternary system, consisting of
solid particles (A), of the granulating liquid (B), which occupies

SWISS PHARMA 32 (2010) Nr. 7-8



RIGHT FIRST TiMmE/ COMPUTER-AIDED SCALE-UP

Power

Liquid Bridge Formation

Power consumption profile

Suspension

r ° S - 8§
d50/m : TT = S 2
N Pellet / 57 %
2981 i N
) Large Size Pellets
097 [ (I
Microgranulation Fon ore etc)
wst
AGGLOMERATION KINETICS
148} 1\
Pharmaceutical Granulates
8-2 2 55 i n 1 1 i A A SS
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig. 9: Power consumption profile as a function of the normalized quantity  of the granulating liquid. The quantity m represents the degree of the filling of the

void space between the particles during the formation of liquid bridges.

more and more the (gaseous) void space (C) between the particles
to be agglomerated.

Lower threshold Upper threshold

Site Bond Site Bond
Diamond 0.428 0.388 0.572 0.612
Simple cubic 0.3117 0.2492 0.6883 0.7508
BCC 0.245 0.1785 0.755 0.8215
FCC 0.198 0.119 0.802 0.881

Table 2: Site and Bond Percolation thresholds in 3D Lattices

Thus, the following lower and upper percolation thresholds (see
table 2) can be expected and estimated as a function of 1 in Fig. 9:
Lower threshold mci = ca. 0.2-0.3,

The upper percolation threshold mc2 = ca. 0.7 — 0.8.

The practical experiment shows that only within the range of mm =
0.3 and m = ca. 0.7 it is possible to manufacture pharmaceutical
granules, which corresponds to the values Ss and S4 in the publica-
tion [3,4]. Above the upper percolation threshold, (m = ca. 0.7) the
power mass is over-wetted, leading to a disaster. From the point of
view of PAT (Process Analytical Technology) and “Right First Time”,
it is essential that the amount of granulating liquid is approximately
equal to the mean one of the threshold values.

Effect of the amount of granulating liquid and the effect of the
amount of drug substance: A striking analogy

Paracelsus (1493-1541) was the first to mention, that it is the dose,
which matters, whether a drug substance will help or will be a
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poison. In fact, there is a striking analogy between the effect of
the amount of a drug substance having a therapeutic window and
the amount of a granulating liquid. Both substances react the same
way: On the one side, there is no drug effect below the minimum
effective plasma concentrationand on the other side, there is a min-
imum amount of granulating liquid needed, i.e. a1 = ca. 0.2-0.3,
to form pharmaceutical granules. Interestingly , if the amount of
granulating liquid exceeds the upper percolation threshold, i.e. ez
=ca. 0.7-0.8.,it is not possible to manufacture granules due to the
overwetted powder mass. Again, in case of a drug substance with
a therapeutic window toxic effects occur above a critical plasma
concentration This analogy leads to the conclusion that percolation
theory plays an eminent role in systems biology and treatment of
patients (see chapter 4, Outlook).

Therefore, in order to avoid negative surprises, it is important to
apply percolation theory at any time and to look for critical con-
centrations (percolation thresholds) not only in the case of the wet
agglomeration process, but also in formulation research. Such a
complex system like a formulation may behave completely differ-
ent, below and above such critical concentrations. Unfortunately,
a simple change in the particle size distribution or in the particle
shape of the starting material can shift a percolation threshold to
another concentration [17].

F-CAD* Module to predict power consumption profiles

CINCAP GmbH is actually modifying the core module of F-CAD in
order to calculate the power consumption profile of a composition,
which evolves during the wet agglomeration process. Thus, instead
of calculating the amount of the drug, that is dissolved by the water
bath as a function of time, F-CAD* calculates the number of liquid
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bridges formed during the addition of a limited amount of water as
granulating liquid. The first results look very promising, and lead to
the conclusion, that the main contribution of the power consump-
tion profile is due to the formulation and can be calculated using
first principles. Then, in analogy to the determination of the dis-
solution rate profile, a corresponding calibration experiment takes
into account the contribution of the equipment. This procedure
was very successful in the case of F-CAD to take care of differ-
ences in the dissolution profile due to differences in the dissolution
method (basket, paddle). An experimental reliable determination of
the power consumption profile at least for the larger scale equip-
ment is however a prerequisite.

2.5. Virtual Equipment Simulators (VES)

The details concerning the development of VES are documented in
[9]. The aircraft industry has been using virtual training for pilots for
decades (see Fig. 10).

Fig. 10: Today, pilots are trained using flight simulators [18].

Thus, the same procedure could be applied in the pharmaceuti-
cal industry: VES is an excellent tool for training the laboratory
staff [18] on the large-scale equipment before manufacturing
large batches. Thus, the frequency of human errors can be re-
duced.

For the benefit of finding relatively fast a solution to a burning
problem, it is an advantage to combine F-CAD with the concept of
VES. VES can include any type of equipment, i.e. not only equip-
ment for manufacturing, but also for testing, analysing etc.

In addition, it is possible to collect extremely valuable information
on the behaviour of the manufacturing equipment by data min-
ing of numerous batch records in the manufacturing department.
These data allow an optimization of the manufacturing process,
and to establish correlations between the quality properties of the
batches and the settings of the large-scale equipment according
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to the PhD thesis of Lars Rehorik [19]. Such data can be very help-
ful concerning “scale-up” exercises. The goal in this respect is the
following: VES can mimic 1to 1 the behaviour of small and large-
scale equipment taking into account the physicochemical laws as
described in [9]. Thus, the deviations from the principle of “self-
similarity” (Buckingham'’s theorem [4]) may be compensated by
quantifying the differences between small and large-scale equip-
ment. The idea is to establish a “Transfer Function” between the
settings of a small scale and large-scale equipment. It is important
that such a transfer function is not only based on statistical corre-
lations obtained from existing batch records. Unfortunately, false
positive correlations exist much more than expected: a famous
case is the correlation between the decreasing birth rate in the
Alsace (close to Basel), being a well known home of many storks
with its decreasing population. It is necessary that the transfer-
function is supported by underlying physicochemical laws. It is
needless to say that such an approach has many advantages, and
would keep the flexibility of a company concerning the purchase
of different equipments, i.e. the company would not be forced to
adopt a very radical unified solution, i.e. to use at any time every-
where the same equipment.

3. Conclusions

A rigorous analysis of the scale-up process reveals that it is difficult
to manufacture “right first time” small and large-scale batches. This
is due to the lack of “self-similarity” of the equipment used. In this
respect, the violation of Buckingham'’s theorem [4] creates hurdles.
[t is important to identify and to take care of these obstacles. In this
respect, a computer-aided scale-up procedure can be very helpful
Interestingly, “self-similarity” plays also an important role in formu-
lation research: a robust formulation shows a batch-to-batch simi-
larity. In case of formulations, dangerous hurdles are critical drug /
excipient concentrations, which are often hidden. Such hurdles can
be identified by the application of percolation theory. In this re-
spect, the corresponding author is wondering why the concepts of
percolation theory in the area of pharmaceutics [20] did not find so
far a much broader application in industry and in academia. Just
keeping in mind that such percolation thresholds (= critical concen-
trations) do exist is a key element for a better process and formula-
tion understanding. Already the knowledge about the existence of
critical concentrations in formulation should alert the responsible
pharmacist, i.e. should induce headaches and insomnia. A quan-
titative treatment, using the basic equation of percolation theory,
leads to impressive results and beautiful insights in the behaviour
of a complex system:

X=S(p-p)* (1)
With X = property of interest, e.g. disintegration time ts [17] of
a tablet, S = scaling factor, p = concentration of the component
of interest, e.g. disintegrant [17], pc = critical concentration of the
component, g = critical exponent. The existence of universally valid
critical exponents [20] for a specific process in nature is an addi-
tional beauty with practical impacts. Such a quantitative treatment
is very helpful in the interpretation of a “landscape” or “sensitivity”
analysis of a formulation. The rigorous application of the concepts
of percolation theory should boost the process and formulation
understanding, which will facilitate the job by doing it “right first
time”.
F-CAD and VES are the tools of choice for a faster time to market
and for obtaining a six-sigma quality. The proof of concept of
virtual R&D, using F-CAD in the area of dosage form design and
testing [9] allows an extension to pharmaceutical manufacturing,
in order to implement a six-sigma performance. Companies ap-
plying this new approach will have an important competitive ad-
vantage.
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The authors of this chapter are convinced that the replacement of
the laboratory by in silico experiments is not limited to the design
of classical solid dosage forms [9].

Both tools, F-CAD and VES have in common, to replace laboratory
work by cheaper and faster in-silico work.

The success of F-CAD is a result of the first principle approach, i.e.
of the use of cellular automata [9]. This procedure has its origin in
nature. For a better understanding of formulations, it is mandatory
to establish a “landscape”, i.e. “sensitivity analysis”. In this context,
it is necessary to apply percolation theory in order to be aware
of critical concentrations, respectively percolation threshold, which
may jeopardize the future product quality.

The principle of self-similarity is a key element in nature. Its violation
is the origin of scale-up problems in the pharmaceutical industry.
In this context, a corresponding Virtual Equipment Simulator (VES),
mimicking small, and large-scale equipment can be very helpful
and can be used as a valuable training tool.

The application of F-CAD and VES should lead to savings, which
may exceed the results obtained in the aircraft industry [21].

Due to the fact that in many companies the departments are
organized as independent profit centres, “kingdoms” are born
which do not interact strongly enough for the benefit of the prod-
uct. Thus, last but not least, the following comment for the in-
troduction of a really rigorous “Right First Time”-concept may be
the most important one: A company is doing best if all important
players, independent of their department affiliation, give their
best, like in a beautiful football match or soccer game of a world
championship. It is needless to say that unfair players should re-
ceive the red card.

4, Outlook

Interestingly, a formulation consisting of a drug substance and
many excipients is already a complex system, but a manageable
one. Such a system, which reacts with intestinal fluids, can be
described in a retrospective way by classical mathematical mod-
els, differential equations etc. However, these classical models
are not capable of providing any prediction in case of a com-
pletely new formulation. Why is this the case? Is it possible that
classical mathematical tools are not appropriate for such com-
plex systems?

The goal and beauty of physics is to find a simple, elegant analytical
mathematical solution, explaining what happens in nature, such as
Newton'’s law for the force F being F = ma, with m = mass and a =
acceleration and/or Einstein’s E= mc?, i.e. a rather simple equation
with incredible consequences.

However, some important physical laws of nature look only bet-
ter if an appropriate system of coordinates is chosen. Sometimes a
transformation of the equation into a more suitable, e.g. logarith-
mic space, may be also helpful.

Is it possible that the existing formalism of maths for achieving an
analytical solution is not appropriate for natural complex systems?
Studying percolation theory, it is surprising that percolation thresh-
olds in three dimensions can only be calculated numerically, e.g. by
means of the “Monte Carlo” method or by using cellular automata
(C.A)). Interestingly, at the percolation thresholds, the principle of
“self-similarity” plays an important role.

In nature, it is often possible to discover “self-similar” structures.
The principle of “self-similarity” may play probably a decisive role
in the evolutionary processes of life. Self-similar structures and frac-
tal geometry have a lot in common, see [22] “Percolation Theory,
Fractal Geometry, and Dosage Form Design” http://www.ifiip.ch/
content/de/downloads/articles-download.html

The possibility, to create with simple rules complex patterns of na-
ture, showing self-similarity is impressive and exciting (see Fig. 11,
and see also
http://www.home.aone.net.au/~byzantium/ferns/fractal.html).
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Fig. 11: A fractal fern, created by M. Puchkov.

Ferns have been the favourite research topic of Nobel Laureate Ta-
deus Reichstein after his retirement from the University of Basel. He
was always very modest and never arrogant. During the time, he
was working at the University of Basel, he was doing research in
very different areas. In addition to his work, which was awarded by
the Nobel prize, he was the first to apply a biotechnological step in
the synthesis of vitamin C, and it was not dishonourable for him to
work also in the field of pharmaceutical technology such as freeze
drying.

Due to the limited resources, universities have started to focus their
research activities in areas which are in the trend [23]. Research
papers in trendy areas have, indeed, a much better chance to be
accepted for publication by the editors of Nature and/or Science.
Consequently, there is a need of establishing a rank order of re-
search fields, being promoted, or neglected. This is the most dif-
ficult task. In this context, there is a temptation to establish formal
dogmatic rules based on existing common views such as that an
applied research cannot be as good as a research work in a pure,
fundamental research area. Such an idea is probably the origin of
discussions in Germany and Switzerland whether it is possible to
transfer the subject of pharmaceutical technology to the universi-
ties of applied science. Interestingly, on the one hand, industrial
pharmacists usually graduate from a PhD curriculum which is by
law not offered at the universities of applied sciences. On the other
hand, the universities of applied sciences offer in Germany and
Switzerland an excellent education for pharmaceutical engineers.
Thus, the main goal should be to boost the cooperation between
the two different institutions.

Fortunately, Swiss National Science Foundation and US Grant
Agencies do not make a distinction: The grant applications need
just the approval of the panels of the respective foundations, and
it does not matter if it is pure or applied research, and if the scien-
tist is or is not working at one of the top Swiss or US universities
such as the Swiss Federal Institutes of Technology (ETHs), Harvard,
MIT, Princeton etc. The topic of “Basic versus Applied Research”
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was also part of a discussion between Tadeus Reichstein and Nobel
Laureate Leopold Ruzicka, who was his mentor at the ETH Zurich.
Leopold Ruzicka made the following clear statement: there is no
distinction between pure and applied research, there is only good
or bad research. Good research can be done with a molecule no-
body is interested in, i.e., then, it is basic research. Good research
can be done with a molecule of great societal impact, i.e., then, it
is applied research.
Is a first-principle approach part of a basic or an applied research
topic? It should not matter! The beauty of the first principle ap-
proach in the area of formulation research using cellular automata
is its capability of wonderful predictions, such as the drug dissolu-
tion profile!
On the one hand, one has to be modest, as pharmaceutical for-
mulations are complex, but not as complex as systems in the living
nature. On the other hand, the discipline of formulation research
may be an ideal playground for using cellular automata, and for
preparing the grounds as an important tool in systems biology:
Maybe, it will be possible to mimic “in-silico” biological cells, an
assembly of cells, which interact with each other, or isolated organs
etc., instead of creating harmful computer viruses. The authors of
this paper have the idea that the strict application of the principle
of “self-similarity” and the percolation theory [24] will be beneficial
for the discipline of life science.

It is evident that living organisms need to contain “bio-switches”,

which allow to turn-on or turn-off a biological action. Thus, life is

based on “bio-switches” being triggered by bioactive molecules,
which can be divided in two classes:

1) An intrinsically active molecule “A” which is not toxic at higher
doses. The molecules “A” may also interact with each other (“A"-
“A").

2) A bioactive molecule “A*" which has an intrinsic toxicity, but in
combination with a receptor molecule “B” leads to the desired
biological action. In this context, the strength of the interaction
"A*"-"B" (Lock and Key Model of Nobel Laureate Hermann Emil
Fischer) plays a major role. The molecules A* may also interact
with each other ("A*"-"A*").

The effects of “A” and “A*” can be discussed assuming the fol-
lowing, very simplified model of a “bio-switch” in an organism.
The “bio-switch” can be physically imagined as a compartment,
i.e. a box, which contains the molecules “B”, the number of which
is kept constant. The molecules “B"” interact with each other (“B"-
“B") and may play an active biological role.
The construction of the “bio-switch” allows to add now molecules
of the type "A”, respectively “A*” to this compartment, i.e. the
number (amount) of the active molecules (“A”, respectively “A*")
in the compartment is slowly increased, keeping the amount of
molecules “B” constant.
Then, the following behaviour can be observed:
e Case of molecule "A":
At a critical concentration, i.e. at the percolation threshold, "A”
starts to percolate and initiates the biological action. Due to the
lack of toxicity, only the lower percolation threshold can be ob-
served. In fact, the compartment behaves similar to a powder
mixture consisting of electrically conductive particles “"A” and elec-
trically non-conductive particles “B”. The compartment becomes
electrically conductive above the lower percolation threshold and
keeps being electrically conductive.

e Case of molecule "A*":

The molecules of type "A*” will form a bond with “B” creating

a new species “A*B”. There will be an onset of the biological ac-

tion as soon as the critical concentration has been reached (lower

percolation threshold, see table 2). Above the upper percolation
threshold the molecules “B” no longer percolate, i.e. the biological
activity of "B” becomes jeopardized and adverse effects start to

appear. If due to the continuous inflow of molecules of type “A*"

all molecules “B” have been consumed, the remaining molecules

“A*" will show their high toxicity, inducing severe toxic effects.
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Such a compartment model explains the existence of a therapeutic
window.

These effects are related to the fact that there are two percolation
thresholds in three dimensions.

Interestingly, percolation theory tells us that there is only one per-
colation threshold in two dimensions. Thus, the conclusion can be
drawn that life can exist only in three dimensions! Such an idea is
supported by Stephen Hawking who writes in his famous book “A
brief history of time” [25] that life cannot exist in two dimensions,
because an intestine to digest food would separate a living being
into two parts.

Last but not least, the authors support fully the idea of Stephan
Wolfram (Princeton University) that the application of cellular au-
tomata in biology is extremely exciting and a new kind of science
[26]. Thus, the fundamental laws of systems biology may be written
in the form of C.A.-codes and not as a set of differential and/or
integral equations. The advent of relatively low cost high-perform-
ance computers will boost the research in this direction.
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