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a b s t r a c t

The aim of the present study was to examine the possibilities/advantages of using recently intro-
duced in-line spectroscopic process analyzers (Raman, NIR and plasma emission spectroscopy), within
well-designed experiments, for the optimization of a pharmaceutical formulation and its freeze-drying
process. The formulation under investigation was a mannitol (crystalline bulking agent)–sucrose (lyo-
and cryoprotector) excipient system. The effects of two formulation variables (mannitol/sucrose ratio
and amount of NaCl) and three process variables (freezing rate, annealing temperature and sec-
ondary drying temperature) upon several critical process and product responses (onset and duration
of ice crystallization, onset and duration of mannitol crystallization, duration of primary drying, resid-
ual moisture content and amount of mannitol hemi-hydrate in end product) were examined using
a design of experiments (DOE) methodology. A 2-level fractional factorial design (25−1 = 16 exper-
iments + 3 center points = 19 experiments) was employed. All experiments were monitored in-line
using Raman, NIR and plasma emission spectroscopy, which supply continuous process and product
information during freeze-drying. Off-line X-ray powder diffraction analysis and Karl-Fisher titration
were performed to determine the morphology and residual moisture content of the end product,
respectively.

In first instance, the results showed that – besides the previous described findings in De Beer et al., Anal.
Chem. 81 (2009) 7639–7649 – Raman and NIR spectroscopy are able to monitor the product behavior
throughout the complete annealing step during freeze-drying. The DOE approach allowed predicting the
optimum combination of process and formulation parameters leading to the desired responses. Applying
a mannitol/sucrose ratio of 4, without adding NaCl and processing the formulation without an annealing

◦ ◦
step, using a freezing rate of 0.9 C/min and a secondary drying temperature of 40 C resulted in efficient
freeze-drying supplying end products with a residual moisture content below 2% and a mannitol hemi-
hydrate content below 20%. Finally, using Monte Carlo simulations it became possible to determine
how varying the factor settings around their optimum still leads to fulfilled response criteria, herewith
having an idea about the probability to exceed the acceptable response limits. This multi-dimensional
combination and interaction of input variables (factor ranges) leading to acceptable response criteria

bility
with an acceptable proba

. Introduction
The overall aim of the present paper is to examine whether
ome recently presented spectroscopic in-line freeze-drying pro-
ess analyzers (Process Analytical Technology tools) applied in
ell-designed experiments utilizing design of experiments can

∗ Corresponding author. Tel.: +32 9 2648097; fax: +32 9 2648196.
E-mail address: Thomas.DeBeer@UGent.be (T.R.M. De Beer).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.11.051
reflects the process design space.
© 2010 Elsevier B.V. All rights reserved.

advantageously supplement the traditional freeze-drying process
development and optimization of a pharmaceutical formulation.

Process Analytical Technology (PAT) is a concept, proposed by
the US Food and Drug Administration (FDA) in 2004, which is
expected to lie at the basis of the pharmaceutical “Good Manufac-

turing Practice” rules for the 21st century [1]. By means of scientific,
risk-based PAT frameworks, it is aimed to design and develop con-
tinuously monitored and controlled, well understood and efficient
processes that will consistently ensure a predefined quality at the
end of the manufacturing process. This will be done by timely in-
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ine, on-line or at-line measurements of the critical intermediate
teps and endpoints during the process. To fulfill the PAT objectives
n a process, it is necessary to apply a suitable combination of PAT
ools, amongst others process analyzers, multivariate data-analysis
ools, endpoint monitoring tools and knowledge management tools
1]. PAT fits well into the paradigm shift in pharmaceutical manu-
acturing from a quality-by-design (QbD) perspective, as discussed
n the regulatory guidelines ICH Q8, Q9 and Q10.

Hawe and Friess recently investigated the suitability of com-
ining the crystalline bulking agent mannitol with the lyo- and
ryoprotector sucrose as alternative excipient system to the combi-
ation human serum albumin (HSA) – mannitol for the stabilization
f a hydrophobic cytokine formulation during freeze-drying [2,3].
he reasons for replacing HSA as a lyoprotector and cryoprotec-
or during lyophilization are profoundly explained in [3]. As HSA
s gained from human plasma, its use is always related to the
isk of blood-born pathogens, as well as batch-to-batch variations.
urthermore, specific analytics for the active protein (cytokine)
re difficult in the presence of an excess of HSA. The alternative
annitol–sucrose formulation development and its freeze-drying

ycle optimization were adequately performed using tradition-
lly applied techniques and experiments. Differential scanning
alorimetry (DSC) and Low-temperature X-ray Powder Diffrac-
ion (LTXRD) were used to study the frozen solutions, while after
yophilization the products were analyzed with DSC, Temperature-

odulated DSC (TMDSC), X-ray Powder Diffraction (XRD) and
arl-Fisher titration.

The aim of this study was to examine whether some recently
ntroduced in-line spectroscopic process analyzers (Raman and
IR spectroscopy and plasma emission spectroscopy) [4], supply-

ng continuous process (e.g., intermediate process step endpoints)
nd product information during freeze-drying, can advantageously
ontribute to the optimization of this alternative mannitol–sucrose
ormulation and its freeze-drying process, and confirm the earlier
btained findings and conclusions. Continuously collected in-line
roduct information might lead to increased understanding of the
ormulation behavior during processing, hence allowing to increase
roduct quality and process efficiency. Herewith, a design of exper-

ments (DOE) methodology was applied. Studying the effects of
everal formulation and process parameters upon critical process
arameters and (intermediate) product quality attributes by trial-
nd-error or by changing one separate factor at a time (COST)
trategies are inefficient as the data from these experiments do
ot enable to identify interaction effects between the variables [5].
oreover, the COST approach often does not lead to the optimum

olution within the investigated space, while DOE analysis supplies
n overview of how all studied responses (i.e., critical process and
ormulation aspects) behave within the investigated space from
he examined process and formulation settings. Finally, DOE allows
etermining a design space around the optimum settings within
hich the desired responses are guaranteed.

Raman, NIR and plasma emission spectroscopy (Lyotrack) were
ecently proposed as innovative and complementary in-line mon-
toring tools for freeze-drying processes [4]. These PAT tools do
ot only complement each other but may also confirm and cor-
ect each other. The monitoring set up of the Raman and NIR
rocess analyzers shown in this previous study cannot be applied
yet) at industrial scale, mainly because only one vial is moni-
ored. However, multiplex systems coupling several probes to the
pectrometer might serve a solution by monitoring these vials
overing the largest variation in the freeze-drier. The major techni-

al challenge remains at interfacing these sensors in an industrial
reeze-drying GMP environment. Raman and NIR spectroscopy are
he first tools allowing to look directly into the product during
reeze-drying, and might hence supply a valuable contribution
o the process and product optimization. Lyotrack measures the
83 (2011) 1623–1633

humidity in the drying chamber and has demonstrated good sensi-
tivity and reproducibility to determine the primary and secondary
drying endpoints. Since Lyotrack involves ionization of the gas
present in the chamber, there is a potential risk to stability of the
product via free radical oxidation [6]. Critical evaluation of this tool
can be found in [6,7].

To the best of our knowledge, the combination of these PAT
tools has not been used yet for the in-line monitoring of a pharma-
ceutical freeze-drying process and for the process and formulation
optimization using a DOE approach.

2. Materials and methods

2.1. Materials

Mannitol was obtained from VWR International (Fontenay sous
Bois, France), sucrose from Suedzucker (Mannheim, Germany),
polysorbate 20 from Serva (Heidelberg, Germany) and glycine and
NaCl from Sigma (Steinheim, Germany).

2.2. Experimental setup and process description

All freeze-drying experiments were performed in an Epsilon
2–6 D freeze-dyer (Christ, Osterrode, Germany). For the in-line and
real-time spectroscopic monitoring, the plasma ionization device
probe was mounted directly on top of the freeze-dyer chamber
(Fig. 1a and b). Raman and NIR non-contact probes were built into
the freeze-dyer chamber (Fig. 1a and b). Non-contact probes are
required as contact of measurement tools with the freeze-dried
product potentially influences process and product, making the
monitored vials unrepresentative for the other vials. The fiber optic
cables connecting the Raman and NIR probes to the respective
spectrometers, were guided through the port in the sidewall of
the freeze-dryer chamber. The Raman probe, positioned on top
of a vial, and the NIR probe, placed in front of the sidewall at
the bottom of a vial (i.e., NIR measurements done through the
glass vial in contrast to the Raman measurements), were each
focused on a different vial for reasons described in our previous
study [8]. Focusing both probes on the same vial results in sat-
urated Raman spectra, as the non-absorbed NIR light is reflected
to the Raman probe, hence being collected together with the
Raman scattering. The position of the Raman probe (top) and
NIR probe (side wall) to the monitored vials is also discussed in
[8].

2.3. Measurement tools

2.3.1. Raman spectroscopy
A RamanRxn1 spectrometer (Kaiser Optical Systems, Ann Arbor,

MI, USA), equipped with an air-cooled charge coupled device (CCD)
detector (back-illuminated deep depletion design) was used in
combination with a fiber-optic non-contact probe to monitor the
lyophilization processes in-line and non-invasive. As the Raman
probe was directly focused on the product to be freeze-dried,
the glass vial did not interfere with the Raman signal. The laser
wavelength during the experiments was the 785 nm line from a
785 nm Invictus NIR diode laser. All spectra were recorded at a
resolution of 4 cm−1 using a laser power of 400 mW. Data col-
lection, data transfer, and data analysis were automated using
the HoloGRAMSTM data collection software (Kaiser Optical Sys-

tems), the HoloREACTTM reaction analysis and profiling software
(Kaiser Optical Systems), the Matlab software (The Mathworks;
version 7.7), and the Grams/AI-PLSplusIQ software (Thermo Sci-
entific; version 7.02). Thirty-two exposures were used for in-line
monitoring of freeze-drying. Spectra were collected every 2 min
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ig. 1. (a) Schematic in-line monitoring experimental setup. (b) Experimental setup
ter, were guided through the port in the sidewall of the freeze dyer chamber.

nd preprocessed by baseline correction (Pearson’s method) before
ata-analysis.

.3.2. NIR spectroscopy
Diffuse reflectance NIR spectra were continuously collected

n-line and non-invasive during freeze-drying using a Fourier-
ransform NIR spectrometer (Thermo Fisher Scientific, Nicolet
ntaris II near-IR analyzer) equipped with an InGaAS detector, a
uartz halogen lamp and a fiber optic non-contact probe, which
as placed next to the vial. Data analysis was done using Thermo

isher Scientific’s Result software, SIMCA-P (Umetrics, version 11)
nd Matlab (The Mathworks, version 7.7). Each spectrum was col-
ected in the 10,000–4000 cm−1 region with a resolution of 16 cm−1

nd averaged over 32 scans. All spectra were preprocessed using
tandard normal variate transformation (SNV) and mean centered
efore data-analysis.

.3.3. Plasma emission spectroscopy
The applied cold plasma ionization device (Lyotrack 100, Adixen,

rance) is based on the Inductive Coupled Plasma/Optical Emission
pectroscopy (ICP/OES) technique, allowing in-line and real-time
ater vapor determination in the freeze-dyer chamber during dry-

ng [7]. The device is composed of a quartz tube which directly
ontacts the lyophilization chamber, and is connected directly to

he freeze-dryer ports on top of the freeze-dryer chamber. As water
apor is led to the condenser, the Lyotrack system is supposed to
e able to detect the primary and secondary drying endpoints.

Two gasses are mainly present in a freeze-dyer during drying:
ater vapor originating from the formulation to be dried and nitro-
ber optic cables connecting the Raman and NIR probes to the respective spectrom-

gen from the pressure regulation. The pressure during drying in the
freeze-dyer is air-regulated, air consisting of about 80% nitrogen.
The radiofrequency source (440 MHz) from the plasma ionization
device creates a cold plasma in the quartz tube under vacuum (i.e.,
<3 mbar). The electrons from the gas atoms and molecules in the
freeze-dryer are moved to a discrete higher energy state by absorb-
ing this radiofrequency energy. The electrons spontaneously return
to their normal state and release this energy by emitting a photon.
The wavelength of these photons is characteristic for each molecule
and atom. The emitted photons are collected with an optical fiber
and diffracted with an optical spectrometer. The optical spectrum
is analyzed by the plasma sensor software and the humidity curve,
varying between 0 (no water vapor) and 1 (saturated with water
vapor), is displayed in real-time as the ratio of water vapor to nitro-
gen (labeled as humidity in the software) during the drying steps.

2.3.4. X-ray powder diffraction (XRD)
The morphology of the lyophilized products was analyzed using

an X-ray powder diffraction (XRD) from 5 to 30◦ 2�, with steps of
0.05◦ 2� and a duration of 2 s per step on the X-ray diffractome-
ter XRD 3000 TT (Seifert, Ahrenburg, Germany), equipped with a
copper anode (40 kV, 30 mA, wavelength 154.17 pm).

2.3.5. Karl-Fisher titration

The residual moisture content of the samples was determined

by colorimetric Karl-Fisher titration using the Aqua 40.00 titra-
tor with headspace module (Analytik Jena AG, Halle, Germany).
For the measurements, at least 10 mg of the lyophilized sample
was heated to 80 ◦C for 10 min. The evaporated water was trans-
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Table 1
Equipment, formulation and process factors affecting the freeze-drying process per-
formance and product quality attributes.

Quality attributes
Residual moisture content
Tg
API and excipient solid state
API stability
Hydrate content
Aggregate formation
Presence of particles
Cake elegance
Reconstitution time

Equipment variables Formulation attributes Process parameters
Freeze-dyer type and

characteristics
Initial Freezing

API and its concentration Freezing rate
Excipients and their
concentration

Freezing shelf temperature

Vial type Annealing time
Filling volume Annealing temperature

Supercooling

During processing Primary drying
Tg’ Shelf temperature
Tcollapse Ramp to reach shelf temp.
Tproduct Duration
Teutectic Chamber pressure

Secondary drying
Shelf temperature
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Ramp to reach shelf temp.
Duration
Chamber pressure

erred into the titration solution and the amount of water was
etermined. As reference material, Apura Water Standard Oven
% (Merck, Darmstadt, Germany) was used and the recovery was
onsidered for the calculation of the residual moisture of the
amples.

.4. Experimental design methodology

Most process and formulation parameters, which are generally
ritical for a freeze-drying process and which affect the final qual-
ty attributes, are summarized in Table 1 (as proposed in [5]). In
he present study, the effects of two formulation variables (manni-
ol/sucrose ratio and amount of NaCl) and three process variables
freezing rate, annealing temperature and secondary drying tem-

erature) upon several process and product quality responses
Table 2) were examined. These variables were selected as the
revious study from Hawe and Friess showed them to be most influ-
ncing on process performance and product quality [2]. All other
arameters were kept constant (Table 2). The same type of vials

able 2
aried DOE factors with their examined design space. Column 4 shows the DOE response

Examined parameters Levels (design space) Respon

− +

Mannitol/sucrose 1 4
NaCl addition (%) 0 0.2 Start ic
Freezing rate (◦C/min) 0.45 0.9 Duratio
Annealing temperature (◦C) −50 −20 Start m
Sec. drying temperature (◦C) 20 40 Duratio

Duratio
Duratio
Duratio
Interm

End pro
Mannit
Residua
83 (2011) 1623–1633

(2R Schott, Mainz, Germany) was used throughout all freeze-drying
experiments.

For the HSA-free formulations, a total solid content of 5.0%
(w/v) was selected with mannitol as crystalline bulking agent and
sucrose as amorphous lyo- and cryoprotector. The optimum ratio
of both excipients upon the examined response variables (Table 2)
was evaluated. Herewith, the addition of NaCl was examined as
small NaCl amounts can lead to significant changes of the physico-
chemical properties of mannitol and sucrose during freeze-drying.
NaCl is used in HSA containing formulations as NaCl has a stabi-
lizing effect preserving HSA from (heat-induced) aggregations and
particle formation. The necessity of NaCl in the HSA-free formula-
tions was therefore examined as well. Also the need of including
annealing was examined, as annealing can help to maximize
crystallization of the bulking agent during freezing. Furthermore,
annealing can influence the final product solid state. Further, a
closer look was taken on the influence of the freezing rate (i.e., the
temperature decrease in function of time) upon the response vari-
ables as the freezing rate is related to the degree of supercooling
and the rate of ice crystallization. The degree of supercooling deter-
mines the number of ice crystals formed and hence the product
resistance during drying. The rate of ice crystal growth determines
the residence time of the product in a freeze-concentrated fluid
state [9]. Finally, the requirement of performing secondary drying
at high temperatures was evaluated. During freezing, mannitol has
a tendency to crystallize partly into mannitol hemi-hydrate, which
can lead to stability problems during storage due to hydrate water
release and conversion into anhydrous crystal forms. Secondary
drying at high temperatures (40 ◦C) might avoid the presence of the
hemi-hydrate forms at the end of freeze-drying processing [10].

Table 2 shows the investigated space within which the selected
DOE parameters were varied. All variables were considered as con-
tinuous variables. A 2-level fractional factorial screening design
(= 25−1 = 16 experiments + 3 center points = 19 experiments) was
employed. This is a resolution V design, indicating that the
main effects are unconfounded with two-factor interactions and
that two-factor interactions are unconfounded with each other.
An overview of the performed DOE experiments is given in
Table 3.

2.5. Process analysis

As three process analyzers were applied to continuously collect

data during the freeze-drying processes, a huge amount of complex
data was obtained per process. As 1 Raman and 1 NIR spectrum
were obtained every 2 min during the processes, which sometimes
took over 20 h, chemometric tools were necessary to extract useful
information from the large data sets. The plasma data were ana-

variables, while column 5 lists the parameters which were fixed.

se variables Process and formulation parameters
kept constant

Process related Total excipient amount: 5% (w/v)
e nucleation Filling volume: 2ml
n ice nucleation Freezing temperature: −50 ◦C
annitol crystallization Annealing time: 2 h
n mannitol crystallization Prim. drying temp.: −15 ◦C
n annealing Prim. drying pressure: 0.045 mbar
n primary drying Primary drying time: 10 h
n secondary drying Sec. drying pressure: 0.045 mbar

ediate solid state Secondary drying time: 4 h
End product related Vial type: 2R
duct solid state 0.005% polysorbate 20
ol hydrate content 20 mM glycine buffer pH 4.5
l moisture content (%)
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Table 3
A 2-level fractional factorial design (25−1 = 16 experiments + 3 center points = 19 experiments) was employed. Overview of experiments.

Experiment number Run number Mannitol/sucrose NaCl (%) Freezing rate (◦C/min) Annealing
temperature (◦C)

Secondary drying
temperature (◦C)

1 2 1 0 0.45 −50 40
2 14 4 0 0.45 −50 20
3 17 1 0.2 0.45 −50 20
4 4 4 0.2 0.45 −50 40
5 10 1 0 0.9 −50 20
6 1 4 0 0.9 −50 40
7 15 1 0.2 0.9 −50 40
8 11 4 0.2 0.9 −50 20
9 12 1 0 0.45 −20 20

10 13 4 0 0.45 −20 40
11 16 1 0.2 0.45 −20 40
12 8 4 0.2 0.45 −20 20
13 9 1 0 0.9 −20 40
14 7 4 0 0.9 −20 20
15 5 1 0.2 0.9 −20 20
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16 3 4 0.2
17 19 2.5 0.1
18 6 2.5 0.1
19 18 2.5 0.1

yzed univariately as only one data point per process time point
as obtained.

The Raman and NIR spectra collected per monitored freeze-
rying process were each introduced into a data matrix (D),
esulting in an NIR data matrix and a Raman data matrix per pro-
ess. Each D was analyzed using principal component analysis
PCA).

Analysis of the DOE results was performed using the MODDE
oftware (Version 9.0, Umetrics, Umeå, Sweden). PCA models were
eveloped using SIMCA-P+ software (Version 12.0.1, Umetrics,
meå, Sweden) and Matlab 7.1 (The MathWorks, Inc., Natick, MA).

. Results and discussion

.1. Process analysis

Multivariate data-analysis of the in-line collected spectroscopic
ata will not be outlined in detail as this was thoroughly done in our
revious work [4,8]. All relevant information obtained from the in-

ine Raman, NIR and plasma emission spectroscopic measurements
uring all DOE experiments is summarized in Table 4. As in-line
pectroscopic monitoring of annealing has not been described yet,
e will provide the Raman and NIR spectroscopic observations
ade during annealing of DOE experiment number 12. Anneal-

ng was evaluated as a DOE factor in this study as it might be
seful for the examined formulation to maximize mannitol crys-
allization during freezing, as mannitol is aimed to serve as bulking
gent. Since annealing is part of the freezing step of lyophilization,
aman spectroscopy is the preferable tool for annealing monitor-

ng, as the broad ice bands overwhelm the product signals, and
ence the annealing information, in the NIR spectra. Fig. 2 shows
he evolution of the Raman intensity deriving from crystalline man-
itol (1000–1170 cm−1) during the freezing step and a major part
f the primary drying step. After 186 min, the shelf temperature
s increased from −50 ◦C to −20 ◦C to start annealing. Herewith,
rystalline mannitol bands gradually appear in the Raman spectra.
o peaks for crystalline mannitol are detected prior to the start of

he annealing step, pointing at mainly amorphous mannitol being
resent after the initial freezing to −50 ◦C. After 288 min, the man-

itol signals in the Raman spectra remain stable, indicating that
he crystallization of mannitol during the annealing is finished.
fter 337 min, the shelf temperature is lowered in 30 min to −50 ◦C.
his shelf temperature decrease and its concomitant product tem-
erature decrease resulted in a mannitol Raman band intensity
0.9 −20 40
0.675 −35 30
0.675 −35 30
0.675 −35 30

increase. Raman intensity is temperature dependent as can seen
from Placzek’s equation, describing the Raman intensity.

I = cte
( v0 + vv

vv

)4 NI0
1 − e(−hvv/kT) [45(˛S)

2 + 13(˛a)2] (1)

where v0 is the frequency of the incident radiation, vv is the vibra-
tion frequency of the molecule, N is the number of irradiated Raman
active molecules, I0 is the power of the light source, h is Planck’s
constant (= 6.6260 × 10−34 J s), k is the Boltzman’s constant, T is the
temperature, ˛S is the polarizability from the molecules causing
Stokes radiation, and ˛a is the polarizability from the molecules
causing anti-Stokes radiation.

After 427 min, the shelf temperature was increased to −15 ◦C
before introducing the vacuum, resulting in decreased mannitol
band intensities (i.e., approximately the same intensity as at the
end of the annealing step at −20 ◦C). Once vacuum was introduced
(after 457 min), the Raman intensity started to increase strongly. An
explanation can be further mannitol crystallization during primary
drying as mannitol is known to crystallize only partly during the
freezing step. Hawe and Friess described the partial crystallization
during cooling of a 5% mannitol solution, with further crystalliza-
tion at −19.3 ◦C during rewarming of the sample [2]. Moreover, the
presence of sucrose in the formulation is known to inhibit manni-
tol crystallization during freezing [2]. Apparently, annealing is not
sufficient for complete mannitol crystallization. The removal of the
icy structure (primary drying) around amorphous mannitol most
likely stimulates the conversion to a higher degree of crystallinity.

The NIR data analysis and interpretation was performed as in
[8] and the observations are listed in Table 4. Fig. 3a shows the
NIR spectral changes occurring during the annealing step of exper-
iment 12, after ice crystallization was finished. The NIR spectra of
the frozen mannitol solutions clearly change with the altered shelf
temperatures involved with the annealing process. Increasing the
shelf temperature from −50 ◦C to −20 ◦C results in a lower absorp-
tion in the 6471.93–5700.55 cm−1 region and a higher absorption
in the 5314.85–4543.47 cm−1 region. Furthermore, the NIR spec-
tra collected during annealing become more smoothed indicating
mannitol crystallization. This is in agreement with our previous
observations that the broad ice bands are less serrated when crys-

talline mannitol is present (the sample is less transparent) [8].
After annealing, the shelf temperature was lowered again to −50 ◦C,
resulting in an increased absorption in the 6471.93–5700.55 cm−1

region and a decreased absorption in the 5314.85–4543.47 cm−1

region. Before vacuum introduction at the beginning of primary
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Table 4
Results of DOE experiments per evaluated response variable.

Experiment
number

Response 1
(Raman/NIR)
Onset ice
crystallization
(min)

Response 2
(Raman/NIR)
Duration of ice
crystallization
(min)

Response 3
(Raman)
Start mannitol
crystallization
(min)

Response 4
(Raman)
Duration mannitol
crystallization
(min)

Response 5
(plasma)
Duration of
primary drying
(min)

Response 6
(Karl-Fisher)
Residual moisture
content (%)

Response 7
(Raman/XRD)
Relative
hemi-hydrate
content (%)

1 72 44 432 116 452 2.1/1.9 17.5
2 78 30 450 146 462 2.2/2.5 35.1
3 76 36 452 106 427 3.2/3.1 28.4
4 58 46 446 116 525 2.6/2.7 7.1
5 38 44 394 528 472 2.7/2.7 35.3
6 50 50 368 160 603 2.0/2.0 16.7
7 42 10 442 44 433 2.4/2.0 21.0
8 40 32 378 100 533 2.7/2.9 30.6
9 74 32 202 408 442 2.0/1.9 38.3

10 78 34 194 314 560 2.0/1.9 24.1
11 64 28 206 362 490 3.0/2.5 28.6
12 72 12 198 376 455 2.8/2.5 58.3
13 38 14 152 340 405 2.7/2.9 45.2
14 36 20 176 284 506 2.2/2.1 51.9
15 44 16 228 462 519 3.6/3.2 42. 6

86
74
34
36

d
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1

16 34 34 142 2
17 50 20 186 3
18 52 26 190 3
19 54 18 204 3

rying, the shelf temperature was raised to −15 ◦C resulting in
imilar NIR spectra as during annealing at −20 ◦C. These observa-
ions are even clearer in the PC 1 versus PC 2 scores plot obtained
fter PCA from the NIR spectra collected during annealing (Fig. 3b).
his plot shows that the NIR spectra obtained during annealing
shelf temperature = −20 ◦C) and just before primary drying (shelf
emperature = −15 ◦C) are similar. The NIR spectra collected prior
o annealing (shelf temperature = −50 ◦C) without the presence of
rystalline mannitol are different from the NIR spectra collected
fter annealing (shelf temperature also = −50 ◦C) where crystalline
annitol was present. PCA of the NIR spectra collected during pri-
ary drying showed that the broad ice bands had disappeared after
16 min (data not shown). However, because of the position of the
IR probe, NIR spectroscopy underestimates the primary drying
ndpoint [8]. Furthermore, the NIR spectra collected during pri-
ary drying show that, after disappearance of the broad ice bands,

urther water removal occurs as the water band at 5100–5200 cm−1

ig. 2. Evolution of the Raman intensity of crystalline mannitol signals (1000–1170 cm−1)
2.
493 2.6/2.3 26.0
586 Missing/3.0 33.2
585 2.4/3.0 40.1
588 2.7/2.8 30.8

decreases (Fig. 3c). This water band decrease was not seen in previ-
ous studies where only crystalline material was present in the vial
[8]. Hence, this diminishing water band suggests water removal
from the amorphous sucrose phase, indicating that desorption
started already during primary drying [11]. Desorption continued
after the introduction of secondary drying (data not shown).

During lyophilization mannitol can crystallize in the �-, �- or
�-modification or as mannitol hemi-hydrate depending on the
applied freezing protocol, a potential annealing step and the pro-
cess conditions during primary and secondary drying [12–14].
Our previous studies showed that the Raman spectral differ-
ences between the different mannitol solid states (�, �, � and

−1
hemi-hydrate) can be clearly distinguished in the 1000–1170 cm
spectral range. As all other components in the studied formulation
produce no signal at 1000–1170 cm−1, all visible bands in this spec-
tral range originate from mannitol. The presence of other excipients
like buffer components, lyoprotectants or proteins can both inhibit

during the freezing step and the first part of the primary drying step of experiment
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Fig. 3. (a) NIR spectral changes during the annealing step of experiment 12. (b) PC
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Table 5
Significant effects and interactions per studied response variable. The way the sig-
nificant factors and the significant interactions influence the response variables is
shown by (+) for a positive effect and (−) for a negative effect.

Response Significant effects and
interactions

Onset ice crystallization (min) Freezing rate (−)
Duration of ice crystallization (min) –
Start mannitol crystallization (min) Annealing temperature (−),

freezing rate (−)
Duration of mannitol crystallization (min) Annealing temperature (+)
Duration of primary drying (min) –
Residual moisture content (%) NaCl (+), secondary drying

temperature (−),
versus PC 2 scores plot obtained after PCA from the NIR spectra collected during
nnealing of experiment 12. (c) After disappearance of the broad ice bands, further
ater removal occurs during primary drying as the water band at 5100–5200 cm−1

ecreases (experiment 12).

nd promote mannitol crystallization. Grohganz et al. showed that
IR spectroscopy can be used to analyze mannitol/sucrose matrix
ased freeze-dried samples and classify them according to compo-
ition, water content and solid-state properties [15]. The mannitol
emi-hydrate content conclusions derived from the Raman, NIR
nd XRD data are listed in Table 4 for all DOE experiments.

.2. Experimental design analysis

From the experimental results (Table 4), regression models
ere calculated for all response variables using Modde 9.0. In first
nstance, the raw data were evaluated using replicate plots, in
hich the ideal outcome is that the variability of repeated exper-

ments is much less than the overall variability (plots not shown).
he effects of the studied variables were graphically and statis-
ically interpreted using the Modde software and by the normal
mannitol/sucrose (−)
Relative hemi-hydrate content (%) Annealing (+), secondary drying

temperature (−)

probability plot and the algorithm of Dong [16]. The significant
effects and interactions are mentioned in Table 5 for each evalu-
ated response variable. The way in which the significant factors
and the significant interactions influence the response variables is
shown by + (positive effect) and − (negative effect). After fitting
the regression models, the goodness of fit (R2) and the goodness
of prediction (Q2) were evaluated. The least significant regression
coefficients were excluded provided that Q2 increased.

Table 5 shows that only the freezing rate significantly influ-
ences the onset of ice crystallization. Ice nucleation is normally a
random process, varying form batch to batch and even from vial
to vial within a batch [6]. However, it is evident that ice nucle-
ation will start faster using a 0.9 ◦C/min freezing rate compared to a
0.45 ◦C/min freezing rate, as supercooling of the solution is reached
earlier. No significant effect was found for the response variable
duration of ice nucleation process. A previous study showed that
this response is mainly affected by the volume of the freeze-dried
solution [17]. This variable was not evaluated in this study.

Mannitol crystallization evidently started sooner when an
annealing step was included during freezing. Furthermore, an
increased freezing rate also slightly has a negative effect on the
onset of mannitol crystallization, resulting in earlier mannitol crys-
tallization. Mannitol crystallization only started after introduction
of primary drying for the experiments without annealing. It is clear
that for these experiments, primary drying and hence mannitol
crystallization started earlier when a fast freezing rate (i.e., shorter
freezing step) was applied. The duration of the complete mannitol
crystallization process was evidently mainly affected by the pres-
ence of an annealing step. Even when annealing was done, mannitol
crystallized only partly during freezing, and crystallized further
during primary drying. Therefore, the duration of crystallization
was much longer for the annealing experiments compared to the
experiments without annealing and hence where mannitol crystal-
lization only started after introducing the vacuum. A separate DOE
analysis was performed for the experiments containing an anneal-
ing step and in which hence only the mannitol/sucrose ratio, the
freezing rate, NaCl presence and the secondary drying tempera-
ture were varied (i.e., 24−1 = 8 experiments + 3 center points = 11
experiments). The duration of mannitol crystallization was not sig-
nificantly affected by these varied variables.

The duration of primary drying is not significantly affected by
any of the studied variables. The primary drying endpoints were
detected using plasma emission spectroscopy as shown in [4]. In a
previous study, it was demonstrated that primary drying duration
is mainly affected by the initial volume of the solution in the vial

[17]. In the present study, the volume was constant and low in all
experiments (2 ml). Hence, the most important remaining factor
influencing the primary drying time is the degree of supercool-
ing. A high degree of supercooling results in smaller ice crystals
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ig. 4. The sweet spot plot highlights the combination of factors (green areas) resul
mannitol hemi-hydrate content <20%). A blue area represents the combination o
one of the responses are within the desired ranges. The aimed response criteria a
rying temperature of 40 ◦C are applied. (For interpretation of the references to col

nd hence in larger product resistance. However, ice nucleation is
random process resulting in random supercooling for the 19 DOE
xperiments.

Adding NaCl increased the residual moisture content, while
high secondary drying temperature and an increased manni-

ol/sucrose ratio decreased the residual moisture content. The
esidual moisture content was analyzed in duplicate per DOE
xperiment using Karl-Fisher titration. NaCl increases the residual
oisture content within the dried product as it acts as a plasticizer

f the amorphous phase [2]. A higher secondary drying temper-
ture might facilitate the removal of water from the amorphous
hases as more energy is supplied from the shelves to the vials for
esorption. Furthermore, mannitol is known to crystallize (partly)

nto mannitol hemi-hydrate during freezing and primary drying.
revious studies showed that secondary drying stimulated the
ransformation from mannitol hemi-hydrate to anhydrous man-
itol [17,10]. The removal of this hydrate water also contributes to
pparently lower residual moisture contents when applying higher
econdary drying temperatures. Increasing the mannitol/sucrose
atio resulted in lower residual moisture contents as less amor-
hous (hygroscopic) sucrose is present in the freeze-dried products.
he secondary drying time (4 h) and applied pressure during sec-
ndary drying (45 �bar) might have been too short and too high
o remove all dissolved water. Hence, more amorphous material

esulted in higher residual moisture content. Usually, a pressure of
0 �bar is advised during secondary drying [2], but this was not
ossible in this study due to the attachment of the high number
f different process analyzers to the freeze-dryer, creating some
inor leaks.
responses within the user specified ranges (i.e., residual moisture content <2% and
rs resulting in only 1 response within the aimed ranges. A white area means that

ly met when a mannitol/sucrose ratio of 4, no NaCl, no annealing and a secondary
his figure legend, the reader is referred to the web version of the article.)

The fraction of mannitol hemi-hydrate in the 19 DOE experi-
ment end products was determined by XRD analysis as described
in [2]. The relative intensity of the mannitol hemi-hydrate peak
at 17.9◦ 2� was considered (figure not shown, see [2]). For this
relative intensity, the height of the mannitol hemi-hydrate peak
was compared to the highest peak of the diffraction pattern, which
was set at 100%. In an identical way, the hemi-hydrate fraction
was also derived from the Raman spectra of the end products
as mannitol hemi-hydrate has a band at 1150 cm−1 which does
not appear in the Raman spectra of the anhydrous forms [17].
The average results of the Raman and XRD findings are listed
in Table 4. More hemi-hydrate was observed after freeze-drying
when annealing was applied. Hawe and Friess also described that
annealing favored the formation of mannitol hemi-hydrate [2].
Secondary drying at 40 ◦C reduced the amount of hemi-hydrate
as explained above. However, secondary drying at 40 ◦C was
not able to remove all hydrated mannitol, which was also seen
in [2].

3.3. Process optimization

To optimize the mannitol/sucrose formulation and its freeze-
drying process, the desired response values and response limits
were clearly defined. For the product quality responses, mini-

mal residual moisture and mannitol hemi-hydrate levels were
desired. With regard to process efficiency, one has to aim at
the shortest freeze-drying process possible. However, all dura-
tion responses only showed small variations within the examined
experimental space as can be seen from Table 4. Furthermore,
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ig. 5. Predicted response profiles for the response variables ‘residual moisture co
alue for the responses which were randomly chosen here. The red lines are the spe
f mannitol hemi-hydrate). The green region represents the probability of a predict
olor in this figure legend, the reader is referred to the web version of the article.)

he most time consuming process step, primary drying, was not
ignificantly influenced by any of the studied factors. There-
ore, product quality optimization was prioritized over process

fficiency and an optimum for the responses ‘residual mois-
ure content’ and ‘amount of hemi-hydrate’ was searched in first
nstance.

The freezing rate significantly influences the onset of ice crys-
allization and mannitol crystallization (Table 5). Increasing the

ig. 6. Sweet spot plot highlighting the areas (green) for all combinations of examined va
nd mannitol hemi-hydrate amount <50%). (For interpretation of the references to color i
’ (right) and ‘amount of hemi-hydrate’ (left). The yellow line represents the target
tion limits for each response (2% for residual moisture content and 20% for amount
hen the optimum process settings are used. (For interpretation of the references to

freezing rate induces a faster onset of ice and mannitol crystal-
lization. Therefore, a freezing rate of 0.9 ◦C/min was selected as
optimum. Using the Modde optimizer, it was possible to calculate

the combination of variables resulting in our aimed responses. A
residual moisture content of maximum 2.0% and a mannitol hemi-
hydrate content of maximum 20% were aimed. The sweet spot
plots (Fig. 4) show the regions for all combinations of examined
variables where these targets are reached. The aimed response cri-

riables where the responses are within the limits (residual moisture content <2.5%
n this figure legend, the reader is referred to the web version of the article.)



1632 T.R.M. De Beer et al. / Talanta 83 (2011) 1623–1633

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

5452504846444240383634323028262422201816141210864

C
ou

nt

Bins

Predicted response profile for hemi-hydrate

T
ar

ge
t

M
ax

M
ed

ia
n

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

2,62,52,42,32,22,12,01,91,81,7

C
ou

nt
Bins

Predicted response profile for residual moisture content

T
ar

ge
t

M
ax

M
ed

ia
n

Fig. 7. Predicted response profiles for the response variables ‘residual moisture content’ (right) and ‘amount of hemi-hydrate’ (left). The yellow line represents the target
v cificat
o ction
[ ratur
o sion o

t
a
S
p
m
i
h
i
t
m

o
s
m
a
t
s

u
t
a
t
a
N
o
l
a
C
d
l
N
t
[
f
m
f

alue for the responses which were randomly chosen here. The red lines are the spe
f mannitol hemi-hydrate). The green region represents the probability of a predi
2.89; 4.00], NaCl [0.000–0.012%]; freezing rate [0.50–0.82 ◦C/min]; annealing tempe
f the references to color in this figure legend, the reader is referred to the web ver

eria are only met when a mannitol/sucrose ratio of 4, no NaCl, no
nnealing and a secondary drying temperature of 40 ◦C are applied.
trict control of these optimum settings is clearly needed (which is
ossible for these settings) to result in minimal hemi-hydrate and
oisture contents. Small disturbances in the process settings will

mmediately lead to undesired residual moisture and/or mannitol
emi-hydrate contents. It is clear that the obtained design space

s very small and not robust. The optimum process was run two
imes and led to 1.9% residual moisture content and to 23% and 45%

annitol hemi-hydrate content.
Limitations with a sweet spot plot presentation are the number

f dimensions and the lack of probability estimate in the predicted
urface [18]. Performing Monte Carlo simulations on the found opti-
um factor settings showed that there is a probability of 23% for the

mount of hemi-hydrate and 46% for the residual moisture content
o exceed the specification limit values when the optimum process
ettings are used (Fig. 5).

Making the aimed responses less strict to maximum 2.5% resid-
al moisture content and 50% mannitol hemi-hydrate enlarges
he design space significantly. The sweet spot plot highlights the
reas (green) for all combinations of examined variables where
he responses are within these new limits (Fig. 6). The DOE models
llowed to predict that combining a mannitol/sucrose of 3.44, no
aCl, a freezing rate of 0.66 ◦C/min, an annealing temperature
f −32.60 ◦C and a secondary drying temperature of 34.75 ◦C
eads to optimum responses: residual moisture content 2.2%
nd mannitol hemi-hydrate amount 28.97%. Based on Monte
arlo simulations on these factor settings, it became possible to
etermine how varying the factor settings (i.e., design space) still

eads to fulfilled response criteria: mannitol/sucrose [2.89; 4.00],
aCl [0.000–0.012%]; freezing rate [0.50–0.82 ◦C/min]; annealing
emperature [−45 to −20 ◦C]; secondary drying temperature
29.5–40.0 ◦C]. Fig. 7 shows that there is a probability of 0.00016%
or the amount of hemi-hydrate and 0.0015% for the residual

oisture content to exceed the specification limit values when
actor settings in these ranges are used.
ion limits for each response (2.5% for residual moisture content and 50% for amount
for a random distribution of factor settings in the design space: mannitol/sucrose
e [−45 to −20 ◦C]; secondary drying temperature [29.5–40.0 ◦C]. (For interpretation
f the article.)

4. Conclusions

Within the study, the added value of applying a PAT approach,
by using process analyzers, which are innovative for freeze-drying,
in well-designed experiments, to the traditional COST approach,
based on classical off-line quality attributes determination tech-
niques, for the optimization of a pharmaceutical freeze-drying
process was tested. The main conclusions are:

• The spectroscopic process analyzers (Raman and NIR) allowed
continuous observation of the freeze-dried products during all
DOE experiments. These process analyzers are the first tools
allowing the continuous collection of product and process infor-
mation (e.g., annealing, product solid state, water and ice
behavior, residual moisture content, etc.) during the optimization
of freeze-drying processes. However, it should be emphasized
that these process analyzers are single vial techniques and that
their current monitoring set up is still not applicable in produc-
tion scale. However, the limitations for this are mainly technical
issues. Multi-point spectroscopic process analyzers monitoring
the vials which are covering the largest variation in a freeze-dryer
might be a first important step forward.

• A DOE approach allows to determine the optimum combina-
tion of examined process and formulation parameters leading
to the desired responses (i.e., critical process and formulation
aspects) using a low number of experiments (19 in this study).
For this freeze-drying study, the same optimum conditions were
obtained as by the traditional COST approach in [2]: a manni-
tol/sucrose ratio of 4, no NaCl, no annealing and a secondary
drying temperature of 40 ◦C.

• Using DOE, it becomes possible to make predictions within the

investigated space. The DOE models allow predicting the stud-
ied responses when altering the studied factors. Furthermore,
using Monte Carlo simulations it becomes possible to determine
how varying the factor settings around the optimum factor val-
ues still leads to fulfilled response criteria, herewith having an
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idea about the probability to exceed the acceptable response lim-
its. This multi-dimensional combination and interaction of input
variables (factor ranges) leading to acceptable response criteria
with an acceptable probability is called the process design space.
The DOE approach allows increasing the process understanding in
terms of cause-and-effect relationships. Furthermore, significant
factor interactions might become clear (however, not the case
in this study). Mechanistic process modelling relies on a more
fundamental understanding of the underlying physics and chem-
istry governing the behavior of processes, but is most difficult for
complex processes.
The process analyzers used in this study, as well as the examined
factors and responses are not supplying all critical information
needed for the development of a freeze-drying process. Tradi-
tional experiments such as DSC determining Tg’, Tcollapse and Tg
(as performed in [2]) are certainly the first needed experiments
for the development and optimization of freeze-dried formula-
tions and their processes.
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