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The collapse temperature (Tc) and the glass transition temperature of
freeze-concentrated solutions (Tg’) as well as the crystallization behavior of excipients
are important physicochemical characteristics which guide the cycle development
in freeze-drying. The most frequently used methods to determine these values are
differential scanning calorimetry (DSC) and freeze-drying microscopy (FDM). The
objective of this study was to evaluate the optical fiber system (OFS) unit as alternative
tool for the analysis of Tc, Tg’ and crystallization events. The OFS unit was also tested as
a potential online monitoring tool during freeze-drying. Freeze/thawing and freeze-drying
experiments of sucrose, trehalose, stachyose, mannitol, and highly concentrated IgG1
and lysozyme solutions were carried out and monitored by the OFS. Comparative
analyses were performed by DSC and FDM. OFS and FDM results correlated well. The
crystallization behavior of mannitol could be monitored by the OFS during freeze/thawing
as it can be done by DSC. Online monitoring of freeze-drying runs detected collapse
of amorphous saccharide matrices. The OFS unit enabled the analysis of both Tc and
crystallization processes, which is usually carried out by FDM and DSC. The OFS can
hence be used as novel measuring device. Additionally, detection of these events during
lyophilization facilitates online-monitoring. Thus the OFS is a new beneficial tool for the
development and monitoring of freeze-drying processes.
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INTRODUCTION
Freeze-drying is commonly used for the long-term stabilization of biopharmaceuticals which
cannot be stabilized adequately in the liquid state. Efficient development of freeze-drying cycles
is of utmost importance as the process is time and cost consuming. Short process times without
putting the protein stability at risk are desired (Oetjen and Haseley, 2004; Bosca et al., 2013; Pisano
et al., 2013). It is essential to analyze the formulation to be freeze-dried regarding critical parameters
for the freeze-drying process.
Typical parameters of amorphous matrices, as formed by the most frequently used saccharides
for stabilization of proteins, sucrose and trehalose, are the collapse temperature (Tc) and the
glass transition temperature (Tg’) of the freeze-concentrated solution (Meister and Gieseler, 2009;
Pansare and Patel, 2016). They characterize temperatures at which the mobility of the system greatly
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DSC not necessarily reflecting the several milliliters in a vial
during freeze-drying. Furthermore, the high heating rates of
5–20◦ C/min in DSC analysis do not correspond to the typical
0.5–1◦ C/min during lyophilization but facilitates the Tg’ analysis
due to a more distinct baseline shift (Her and Nail, 1994). The
heating rates applied in FDM analysis are lower, however, may
still not represent the heating rate within the vial (Meister and
Gieseler, 2009). The distance from heating source (shelf) to the
product combined with the larger sample volume does not lead to
a direct transfer of the applied heating rate to the whole product
container which slows down the real heating rate in contrast to
FDM. The operator itself affects also FDM results as the analysis
is performed visually.
Higher Tc values compared to FDM were measured by optical
coherence tomography based freeze-drying microscopy (OCTFDM) indicating that much higher product temperatures can
potentially be targeted upon freeze-drying (Greco et al., 2013).
In OCT-FDM a single vial freeze-dryer connected to an OCT
based camera enables to measure Tc values directly in the product
container with the correct filling volume. However, this setup
does not represent the conditions of a regular freeze-dryer,
e.g., shielding effects of surrounding vials. Crystallization of
mannitol and the impact of sucrose could be shown by throughvial impedance spectroscopy (TVIS) (Arshad et al., 2014). This
method enables the monitoring of several vials non-invasively
and is based on interfacial polarization of glass vials filled with
liquid and/or solid. Dielectric analysis (DEA) could also analyze
eutectic temperatures of mannitol-water and sodium chloride
water system besides the crystallization of mannitol (Evans et al.,
1995). There are only few approaches for the determination of
the aforementioned characteristics directly in the freeze-dryer
(De Beer et al., 2007; Greco et al., 2013; Arshad et al., 2014).
Apart from TVIS, De Beer et al. implemented an in-line RAMAN
system to detect mannitol crystallization and to differentiate
between different mannitol polymorphs (De Beer et al., 2007).
The reader is additionally referred to an excellent recent review
on the process monitoring devices currently on the market (Nail
et al., 2017).
Kasper et al. introduced the optical fiber system (OFS) as
potential novel tool to monitor freeze-drying processes (Kasper
et al., 2013). The OFS consists of a glass fiber with embedded
wavelength dependent reflectors, so called fiber bragg gratings
(FBGs). FBGs reflect a certain wavelength of incoming laser light
which is detected by an interrogation unit that at the same time
acts as light source. The OFS could be established as temperature
measuring device by shielding the sensors through embedding
in stainless steel tubes. This shielding protects the sensor from
forces which occur e.g., during crystallization to which the OFS is
sensitive as well besides temperature. However, unshielded OFS
sensors may enable the detection of Tg’, Tc, or Tcry. Therefore,
in this study, temperature and force effects were to be studied
by shielded and unshielded OFS sensors. Ultimately, the purpose
of this work was to evaluate the possible application of the OFS
to analyze collapse, glass transition and crystallization in the
product vial in a freeze dryer as well as the potential of the OFS
as monitoring device during a lyophilization process.

increases, either at the drying front (Tc) or in the frozen state
(Tg’). Tc is typically determined by freeze-drying microscopy
(FDM) whereas the standard method for Tg’ is differential
scanning calorimetry (DSC). FDM mimics the freeze-drying
process in miniature by freezing and drying small volumes
of formulation under the microscope. Tc can be defined as
either the onset of visible collapse or full collapse (Meister
and Gieseler, 2009; Bosch, 2014). Tg’ as analyzed by DSC
reflects the temperature at which the heat capacity of the
freeze-concentrated formulation markedly changes (Pansare and
Patel, 2016). Both values help to define the upper limit of the
product temperature (Tp) during the primary drying step. In
lab scale, Tp is typically measured by thermocouples that can
only represent the temperature of the surrounding environment
although the local temperature of the sublimation front might
be more critical for the occurrence of collapse. Tc values are
usually 1–3◦ C higher than Tg’ values and drying above Tc
may result in macrocollapse of the lyophilizate. Drying above
Tg’ but below Tc can be utilized e.g., for highly concentrated
protein formulations (Colandene et al., 2007). It enables higher
product temperatures, faster drying and thus shorter process
times without loss of cake structure if protein stability is
preserved (Colandene et al., 2007). Nanoparticle suspensions
were also shown to increase collapse temperatures (Beirowski
et al., 2017). Macrocollapse is not only a question of elegant cake
appearance, but it can, but not necessarily has to be correlated to
higher residual moisture levels after the process, destabilization
of the API, longer reconstitution time or prolonged secondary
drying (Chatterjee et al., 2005; Passot et al., 2007; Bosch, 2014).
Nevertheless, since it is known that an 1◦ C increase in Tp
can shorten primary drying times by about 13%, the interest
is to dry at the highest possible Tp (Pikal, 1990). Crystalline
bulking agents like mannitol not necessarily stabilize proteins but
form crystalline scaffolds that provide robust and elegant cake
structures (Johnson et al., 2002; Hawe and Frieß, 2006; Varshney
et al., 2007; Peters et al., 2016). Their controlled and complete
crystallization during the freeze-drying process is of interest since
partial crystallization might induce subsequent crystallization
of the amorphous fraction during storage leading to potential
loss of drug stability (Izutsu and Kojima, 2002). Crystallization
occurs mainly during thermal treatment before drying starts
(Jena et al., 2017). In order to force crystallization, an annealing
step is usually conducted at temperatures above Tg’ (Liao et al.,
2007). The temperature at which crystallization (Tcry) occurs
can be determined by DSC measurements (Hawe and Frieß,
2006).
Thus, the correct characterization of the system is of utmost
importance. FDM and DSC both provide good approximations
but are based on low sample volume which is dried in a thin
film by FDM or freeze/thawed in small aluminum crucibles by
Abbreviations: DSC, Differential scanning calorimetry; FBG, Fiber bragg grating;
FDM, Freeze-drying microscopy; OFS, Optical fiber system; PAT, Process
analytical technology; Tc, Collapse temperature; Tcry, Crystallization temperature;
Tg’, Glass transition temperature of the freeze-concentrated solution; TOFS ,
Temperature of OFS peak during heating.
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MATERIALS AND METHODS

the sensor unit was placed centrally in the solution (Figure 1B).
Experiments were performed in triplicates at least if not stated
otherwise. Two sensor units were used.

Materials
Sucrose (Sigma-Aldrich Chemie GmbH, Steinheim, Germany),
trehalose (Hayashibara, Okayama, Japan), stachyose (A & Z
Food Additives, Hangzhou, China), and D(-)-mannitol (VWR
International, Ismaning, Germany) were used in different
concentrations (5, 10, or 20% [m/V]) as excipient formulations.
The excipients were dissolved in purified water (ELGA LabWater,
Celle, Germany). A monoclonal IgG1 antibody (mAb) and
lysozyme were used as model proteins. 150 mg/mL mAb with
10% (m/V) sucrose in 10 mM sodium phosphate buffer pH 7.0
and 100 mg/mL lysozyme with 10% (m/V) trehalose in purified
water served as protein formulations. All formulations were
filtered with 0.2 µm polyethersulfone membrane syringe filters
(VWR International GmbH, Ismaning, Germany) prior to use.

OFS–Determination of the Tc and Tcry during
Freeze/Thawing
Freeze/thaw cycles between +20 and −50◦ C at 2.5, 1.0, or
0.5◦ C/min with 90 min hold times were carried out using a FTS
LyoStarTM 3 (SP Scientific, Stone Ridge, NY, USA) freeze-dryer.
The wavelength numbers of the unshielded sensor were plotted
against the temperature data of the shielded sensor. Wavelength
peaks were determined as OFS peak TOFS .

OFS–Use in Freeze-Drying Cycles
Freeze-drying was performed with the FTS LyoStarTM . Noncollapse lyophilization cycles were intended to produce
lyophilizates with an elegant cake appearance whereas collapse
lyophilization cycles should induce a collapse of the lyophilizates
(Table 1). The endpoint of primary drying was controlled by

The Optical Fiber System (OFS)
OFS Unit
The working principle and the design of the used OFS is
described elsewhere (Kasper et al., 2013). An OFS unit of
two individual OFS sensors was developed (Figure 1A). The
temperature was measured by a calibrated, metal-shielded OFS
sensor (type: os4210, Micron Optics, Atlanta, GA, USA; T range:
−40 to 120◦ C, short term accuracy ± 0.2◦ C, response time 0.3 s).
Strain induced events were detected by an unshielded OFS sensor
(type: fs-FBG, SM1500SC P, polyimide coating removed; INFAP
GmbH, München, Germany). OFS data were recorded every
10 s for the complete run time (ENLIGHT 1.0 Sensing Analysis
Software by Micron Optics).
6R or 10R glass vials (FiolaxTM clear, MGlas AG, Münnerstadt,
Germany) filled with either 4 or 6 mL were stoppered for
freeze/thawing experiments or semi-stoppered for lyophilization
runs with corresponding lyophilization stoppers (type: Westar R ,
West Pharmaceutical Services, Eschweiler, Germany). The OFS
unit was mounted through the center of the stoppers so that

TABLE 1 | Collapse and non-collapse freeze-drying cycles of sucrose (20%/10%)
and stachyose (20%) solutions.
Freeze-drying
cycle

Collapse (1) Non-collapse
(1)

Collapse (2) Non-collapse
(2)

−50◦ C
1◦ C/min
1.5 h

Freezing

Primary Drying

0◦ C
65 mTorr
0.1◦ C/min

−25◦ C
30 mTorr
0.1◦ C/min

10◦ C
750 mTorr
1◦ C/min

−15◦ C
120 mTorr
0.6◦ C/min

Secondary
Drying

20◦ C
65 mTorr
0.1◦ C/min
4h

20◦ C
30 mTorr
0.1◦ C/min
4h

20◦ C
750 mTorr
0.05◦ C/min−
4h

20◦ C
120 mTorr
1◦ C/min
4h

FIGURE 1 | (A) Scheme of the OFS unit consisting of shielded and unshielded sensor. (B) Placement of OFS unit in a filled glass vial.
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comparative pressure measurement (difference ≤ 5 mTorr)
between capacitance manometer and Pirani gauge sensor.

Differential Scanning Calorimetry (DSC)
Tg’ and Tcry were analyzed with a Mettler Toledo DSC 821e
(Gießen, Germany). 30 µL sample in 40 µL aluminum crucibles
were cooled down to −60◦ C and heated to + 20◦ C at 10, 2.5, 1.0,
or 0.5◦ C/min. The heating curves were analyzed for Tg’—as the
midpoint of the transition—and Tcry peaks.

Freeze-Drying Microscopy (FDM)
Collapse temperatures Tc were determined by FDM (Linkam
FDCS 196 freeze-drying stage with LinkSys32 software, Linkam
Scientific Instruments, Tadworth, United Kingdom) equipped
with a Duo 2.5 vacuum pump (Pfeiffer Vakuum GmbH, Asslar,
Germany) and an AxioImager A1 microscope used with a 200fold magnification (Carl Zeiss AG, Oberkochen, Germany). Two
microliter of sample was placed on the sample holder together
with a spacer and covered by a glass slide. Samples were cooled
down to −50◦ C with 1◦ C/min. A pressure of 0.1 mbar was
applied and the samples were heated to −40 or −30◦ C with
5◦ C/min. The sample was held at these conditions to achieve a
sufficient thickness of the sublimation front. Tc was detected as
onset of collapse in the following drying step at 1◦ C/min to 0◦ C.
Pictures were taken every 2 s.

FIGURE 2 | OFS thermogram of sucrose 20% (m/V). Cooling/heating rate
1◦ C/min. Black line: freezing scan, gray line: thawing scan.

Detailed Investigation of the TOFS Peak
First, it was to be proven whether the TOFS peak at around
−30◦ C resulted from the glass transition and was not an artifact.
Therefore, several excipients with different Tg’ values were
investigated. The two commonly used disaccharides sucrose and
trehalose both showed Tg’ and TOFS values of around −32
to −28◦ C (Figure 3). Stachyose, a rarely used tetrasaccharid,
showed a Tg’ value of −23.8 ± 0.2◦ C and a TOFS peak at −23.8
± 0.4◦ C. Due to the shift of both, the Tg’ value and the TOFS
peak, to higher temperatures as compared to the discaccharides,
the TOFS peak can be attributed to the glass transition of the
maximally freeze-concentrated solution or to the collapse. This
differentiation was carried out in subsequent experiments (see
section Comparison of OFS with DSC and FDM).

Statistical Analysis
Statistical analysis was carried out using SigmaPlot 12.5 (Systat
Software GmbH, Erkrath, Germany). One-way ANOVA tests
were performed followed by pairwise multiple comparison
procedures (Holm-Sidak method).

RESULTS AND DISCUSSION

Impact of Heating Rate on Peak Location of TOFS

OFS Thermogram

Tg’ values obtained in DSC analyses shift to higher values with
increasing the heating rate (Her and Nail, 1994; Pansare and
Patel, 2016). Typically, in literature heating at 5 to 20◦ C/min
is performed as the Tg can be detected with higher sensitivity
and sharpness of the transition as compared to analyzing at
lower rates (Coleman and Craig, 1996; Pansare and Patel, 2016).
Nevertheless it would be beneficial to measure a more realistic Tg’
value at slower heating rates e.g., at 1◦ C/min. For both sucrose
and trehalose solutions, the Tg’ shifted to higher values with
increasing heating rates in DSC. In contrast, the TOFS peak did
not shift between 0.5 and 2.5◦ C/min (Table 2). The highest DSC
heating rate of 10◦ C/min could not be applied in the OFS setup in
the freeze-dryer. In subsequent experiments, 1◦ C/min was used
as default.

Typically, the unshielded OFS sensor detected several events
during freezing and thawing of a sugar solution (Figure 2).
Cooling down the solution led to supercooling below the freezing
point. As ice nucleation started, many small crystals grew, which
did not seem to expose strain on the sensor. The combination
of ice crystal growth, solidification of the product and increasing
viscosity due to cryoconcentration led to a shift to lower
wavelengths with decreasing the Tp to −50◦ C. During thawing
the unshielded OFS sensors showed a pronounced peak close
to −30◦ C, which could be explained by the rapid change in
viscosity of the amorphous freeze-concentrate and thus release of
mechanical strain (Akyurt et al., 2002; Kasper et al., 2013). This
event occurred at a high rate leading to an overshooting peak after
which, with rising temperature, the thawing curve approaches
the freezing curve. This peak correlated either to Tg’ or to Tc.
Ice melting led to only a marginal signal and the already reached
viscous flow around the sensor might cover up the effect of the
event. The OFS shielded by a stainless steel tube did not exhibit
this peak but only a temperature profile which corresponded to
thermocouple data.

Frontiers in Chemistry | www.frontiersin.org

Impact of Solute Concentration on Peak Location of
TOFS
Cryoconcentration during freezing should end up at the same
solute concentration range of the solute in the freeze concentrate,
independent of the starting concentration. Nevertheless, higher
starting concentrations lead to a more pronounced capacity
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FIGURE 3 | The effect of total solid content of trehalose solutions on (A) Tg’ in DSC and (B) TOFS peaks during heating. Cooling/heating rates were 1◦ C/min; black
line: 20%, dark gray line: 10%, gray line: 5%; *Tg’ and TOFS peak resp.

TABLE 2 | TOFS peaks and Tg’ values of sucrose (20%) and trehalose (20%, 10%) solutions at different heating rates.
Heating rate [◦ C/min]

Sucrose 20%
TOFS

[◦ C]

Trehalose 20%
Tg’ [◦ C]

TOFS

[◦ C]

Trehalose 10%

Tg’ [◦ C]

[◦ C]

TOFS

Tg’ [◦ C]

10

–

−30.6 ± 0.04

–

−26.4 ± 0.9

–

−27.2 ± 0.3

2.5

−33.8 ± 0.3

−32.3 ± 0.02

−31.3 ± 0.8

−28.5 ± 0.6

−29.1

−29.0 ± 0.2

1

−34.1 ± 0.7

−33.1 ± 0.1

−31.2

−29.4 ± 0.6

−28.8 ± 0.5

−29.9 ± 0.3

0.5

−34.3 ± 0.6

−34.0 ± 0.4

–

−30.3 ± 0.9

−30.5

−30.5 ± 0.4

Cooling to −50◦ C was performed with the same rate as heating. Mean values for n = 2, mean ± SD for n ≥ 3.

change at Tg in DSC measurements (Figure 3A, Table 3) which
can be explained by the decreasing freeze-concentrate to ice
ratio with decreased solute concentration (Her and Nail, 1994).
The Tg’ value itself was independent of the sugar concentration.
Also the sensitivity of the OFS was affected by the disaccharide
concentration. The most pronounced peaks resulted at the
highest concentration of 20% whereas at the pharmaceutically
more relevant solid content of 10 and 5% the peak was flattened
and shifted to higher temperature (Figure 3B). The TOFS results
for 10 and 20% sugar solutions were similar and close to the
Tg’ values. The substantially different TOFS for 5% trehalose
(−21.1 ± 2.0◦ C) and 5% sucrose (−24.3 ± 1.4◦ C) are due to the
limited sensitivity of the OFS. In comparison to Kasper et al.,
the sensitivity of the OFS was improved by to the removal of
the polyimide coating (Kasper et al., 2013). But with a lower
amorphous phase content the change in force on the sensor is
less pronounced and the sensor more in contact with ice. Since
the OFS thermograms of 10% sugar solutions showed distinct
peaks this pharmaceutically relevant concentration was used for
subsequent experiments.

TABLE 3 | TOFS peaks and Tg’ values of sucrose and trehalose solutions at
different concentrations (20, 10, 5%).
Concentration
[% (m/V)]

TOFS

Trehalose

Tg’ [◦ C]

TOFS

[◦ C]

Tg’ [◦ C]

20

−34.1 ± 0.7

−33.1 ± 0.1

−31.2

−29.4 ± 0.6

10

−29.9 ± 1.0

−33.3 ± 0.2

−28.8 ± 0.5

−29.9 ± 0.3

5

−24.3 ± 1.4

−33.7 ± 0.2

−21.1 ± 2.0

−30.5 ± 0.1

Cooling/heating rates were 1◦ C/min. Mean values for n = 2, mean ± SD for n ≥ 3.

Tc. Tc and Tg’ values of sugar solutions are usually close together
(Meister and Gieseler, 2009). Therefore protein solutions were
used to tell whether TOFS reflects Tc or Tg’. The presence
of protein at higher concentration in disaccharide solutions
was shown to lead to a much more pronounced increase in
Tc as compared to Tg’ (Colandene et al., 2007; Depaz et al.,
2016). Consequently, lysozyme 100 mg/mL / 10% trehalose and
mAb 150 mg/mL / 10% sucrose were analyzed with OFS, DSC
and FDM. Whereas TOFS and Tc did not show a significant
difference, Tg’ differed statistically significant (p < 0.05). Thus,
TOFS corresponds to Tc. FDM is based on a subjective evaluation
of the onset of collapse. In contrast, the OFS peak is simple
to evaluate which helps to avoid differences between various
operators, reduces the standard deviation and the OFS unit can
easily be placed in the vial filled with formulation.

Comparison of OFS with DSC and FDM
In order to assign the TOFS peak results to either Tg’ or
Tc, additionally FDM was performed. Sucrose, trehalose and
stachyose solutions did not allow to tell since their Tg’ and
Tc values differed only slightly (Figure 4) (Her and Nail, 1994;
Adams and Ramsay, 1996). The Tc and Tg’ values of stachyose
solutions were within 1.3◦ C and TOFS was only 1.3◦ C lower than
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TOFS peak in the thawing scan at −28.1 ± 0.8◦ C correlates to
Tc of the non-crystalline mannitol fraction. The height of this
peak was similar to the TOFS peaks obtained for the amorphous
sugar systems (Figure 5A). DSC scans of the mannitol solution
rendered two Tg’ values in the same temperature range with
Tg’1 : −29.5 ± 0.2◦ C and Tg’2 : −24.1 ± 0.9◦ C (Figure 5B) which
corresponded to literature (Cavatur et al., 2002; Hawe and Frieß,
2006; Peters et al., 2016). Thus, the OFS peak can be assigned to
an increased viscous flow of the amorphous mannitol fraction.
A pronounced and broad OFS peak starting at −25◦ C and
with a maximum at −16.5 ± 0.9◦ C was observed during
thawing. DSC revealed a second exothermic event at −22.6
± 0.9◦ C which was in good agreement with literature values
for mannitol crystallization [−19.3◦ C (Hawe and Frieß, 2006),
−22.4◦ C (Peters et al., 2016), onset at −22◦ C (Pyne et al., 2002)].
Accordingly, the OFS peak can be attributed to the mannitol
crystallization. The height and width of the peak emphasized
(1) that the major fraction of mannitol only crystallized in
the thawing phase and (2) that mannitol crystallization exerts
substantial force onto the OFS sensor. The high forces of
mannitol crystallization are known to lead to vial breakage
during freeze-drying (Williams and Dean, 1991; Jiang et al.,
2007). Thermal mechanical analysis and strain gage techniques
demonstrated that volume expansion due to initial crystallization
and subsequent crystallization during thawing were the trigger
for the vial breakage (Jiang et al., 2007). In our studies
with 10% mannitol solutions some experiments ended up in
vial breakage too. Vial breakage corresponded to the highest
measured OFS peaks. In DSC measurements a 2-fold higher
mannitol crystallization peak area was found during thawing
as compared to freezing indicating that upon thawing double
the amount of mannitol crystallized. Whereas 1% mannitol
solutions did not show crystallization in DSC thawing curves and
were fully crystalline already after freezing (Peters et al., 2016),
the amount of non-crystalline mannitol increases with higher
mannitol concentration (10%). Annealing, a typically used hold
step above Tg’ for complete crystallization of bulking agents, led
to disappearance of the mannitol crystallization peak in the OFS
thawing curves. This demonstrated again that the peak can be
assigned to mannitol crystallization.
Hence the OFS was able to determine phase transitions from
solid to viscous flow as well as crystallization of amorphous
excipients during freezing and thawing. Thus it can be used as
alternative analysis tool to FDM and DSC analysis. The OFS
might be more representative for the reality in freeze-drying,
since drying rates, freeze-dryer environment, filling volume,
and type and size of container correspond to the freeze-drying
process.

FIGURE 4 | Tg’, Tc, and TOFS values of different sugar and protein
formulations. Heating/cooling at 1◦ C/min.

OFS Application to Detect Crystallization
Events
Crystallizing excipients are used in freeze-drying as bulking
agents for improved cake appearance since they form robust
cake structures. Mannitol is the most preferred excipient for
this purpose (Kaialy et al., 2016; Patel et al., 2017). Complete
crystallization of the bulking agent after lyophilization is a
prerequisite. Partial crystallization during freezing can cause
vial breakage during heating due to a secondary crystallization
of the non-crystalline fraction and its associated volume
expansion (Jiang et al., 2007). Later crystallization upon storage
might cause stability problems of the drug (Randolph, 1997).
Therefore, it is important to monitor the crystallization process
during lyophilization. Typically, crystallinity is analyzed in
the lyophilized product by X-ray powder diffraction, DSC
measurements, NIR—or Raman spectroscopy (Shah et al., 2006).
Mannitol crystallization upon freeze-drying was thoroughly
investigated with these methods (Johnson et al., 2002; Liao
et al., 2005, 2007; Hawe and Frieß, 2006; De Beer et al., 2007,
2009; Jena et al., 2016, 2017; Peters et al., 2016). Kasper et al.
already observed a small peak in OFS thermograms of 5%
mannitol solutions during freezing and assigned it as mannitol
crystallization (Kasper et al., 2013). However, that OFS was
less sensitive due to its coating and a more comprehensive
investigation of crystallization events was targeted in the study
at hand.
The OFS freezing scan of mannitol solutions showed a
broad peak at −32.8 ± 0.8◦ C, which started to arise at −30◦ C
already and could therefore be attributed mannitol crystallization
according to the DSC results (−30.5 ± 0.9◦ C) (Figure 5). The
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OFS Application during Lyophilization
The ultimate goal was to develop the OFS unit into a process
monitoring tool for the freeze-drying process. Kasper already
showed that the shielded OFS could be used as a temperature
monitoring tool complementary to the usual thermocouples
(Kasper et al., 2013). The unshielded sensor may offer additional
options. Therefore, two types of uncommon lyophilization cycles
were carried out and monitored with the OFS unit. A slow ramp
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of 0.1◦ C/min was applied during the start of primary drying to
reach a shelf temperature of 0◦ C in order to induce collapse
during this ramp phase [collapse cycle (1)]. For comparison, the
same ramp rate but to a lower shelf temperature and at lower
chamber pressure was carried out in the non-collapse cycle (1).
Faster rates and higher pressure values were necessary to force
the occurrence of collapse in stachyose samples due to the higher
Tc value [collapse cycle (2)].
The collapse lyophilization cycles demonstrated that collapse
can be detected by the unshielded OFS. Both tested saccharides,
sucrose 20% and stachyose 20%, showed a peak in the unshielded
OFS signal during the primary drying heating ramp (Figure 6).
After lyophilization, collapse could be confirmed visually. The
location of the peak was associated with the temperature
measured by the shielded OFS. Both values were close to the
TOFS peaks previously determined in the freezing and thawing
experiments. The peak of sucrose was broader and less sharp
compared to stachyose which was attributed to the slower heating
ramp. Sucrose 20% did not show any OFS peaks or visual signs
of collapse when dried utilizing the corresponding non-collapse
cycles. For Stachyose 20% a broader transition was noted, which
depended on the ramp rate, but no marked peak.

Furthermore, the impact of the solute concentration was
investigated. For 10% sucrose samples dried with collapse cycle
(2) a smaller peak shifted to higher temperatures resulted with
the unshielded OFS (Figure 7). As Tc and TOFS in freezing and
thawing cycles were not shifted in DSC at this concentration, the
sensitivity of the OFS system may be too low to detect collapse
at this concentration at the correct temperature during primary
drying. Thus detection of collapse during a freeze-drying run is
in general possible, but limited to higher solute concentrations
and potential broader transitions may make the evaluation more
complex. In order to further develop the OFS as a process
monitoring tool, future studies have to focus on an algorithm
for detection of peaks and transitions based on the readouts.
Formulations with different excipients and concentrations have
to be analyzed. This needs to include studies with crystalline
bulking agent in combination with an amorphous matrix to learn
whether also microcollapse can be detected.

CONCLUSION
In this study, the OFS unit could be successfully established as
alternative tool for determination of Tc of amorphous systems

FIGURE 5 | (A) OFS and (B) DSC freezing and thawing scans of mannitol 10% (m/V). Cooling/heating rate at 1◦ C/min; black line: freezing curve, gray line: heating
curve. *TOFS peaks/Tg’; X: crystallization.

FIGURE 6 | Temperature profiles of (A) sucrose 20% samples [collapse cycle (1)] and (B) stachyose 20% samples [collapse cycle (2)] obtained with a conventional
thermocouple (TC) or an OFS embedded into a stainless steel tube (OFS shielded) in correlation to the unshielded OFS signal. For a better overview, only the first 13 h
of the process are shown and pressure values are not included.
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results furthermore indicate that TOFS /Tc values should be set
as the upper limit of the product temperature during primary
drying rather than Tg’ (Colandene et al., 2007; Depaz et al.,
2016). The OFS unit is a promising tool that could potentially
be developed into a monitoring tool for the entire freeze-drying
process. Up to now collapse occurring in the primary drying
phase could be detected at high concentrations whereas the
desired non-collapse is more difficult to define in terms of
the OFS signal. In order to develop the OFS into a process
monitoring tool the sensitivity has to be further improved to
enable determination of Tc values at lower amorphous excipient
concentrations, below <10%. The OFS may also provide further
insights into the properties of the freeze-concentrate.
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as well as of Tcry of crystalline phases. The OFS unit combines
temperature measurement with the ability to detect force or
strain in one device. We could show that the TOFS peak was
in good correlation with FDM results. Since the OFS tracks
processes that take place in the original sample vial in the freezedryer itself the data may be more representative for the product
and process development than the data obtained with other
instruments like FDM and DSC on manipulated samples. The

ACKNOWLEDGMENTS
The authors gratefully thank Manfred Resch from INFAP GmbH
for supporting this study with his knowledge, expertise, and
sensor assembly. We also acknowledge Coriolis Pharma for
providing the freeze-drying microsope for this study.

REFERENCES

temperatures and impact on protein activity recovery. J. Pharm. Sci. 94,
809–820. doi: 10.1002/jps.20304
Colandene, J. D., Maldonado, L. M., Creagh, A. T., Vrettos, J. S., Goad, K. G.,
and Spitznagel, T. M. (2007). Lyophilization cycle development for a highconcentration monoclonal antibody formulation lacking a crystalline bulking
agent. J. Pharm. Sci. 96, 1598–1608. doi: 10.1002/jps.20812
Coleman, N. J., and Craig, D. Q. M. (1996). Modulated temperature differential
scanning calorimetry: a novel approach to pharmaceutical thermal analysis. Int.
J. Pharm. 135, 13–29. doi: 10.1016/0378-5173(95)04463-9
De Beer, T. R. M., Alleso, M., Goethals, F., Coppens, A., Vander Heyden, Y., Lopez
De Diego, H., et al. (2007). Implementation of a process analytical technology
system in a freeze-drying process using Raman spectroscopy for in-line process
monitoring. Anal. Chem. 79, 7992–8003. doi: 10.1021/ac070549h
De Beer, T. R. M., Vercruysse, P., Burggraeve, A., Quinten, T., Ouyang, J.,
Zhang, X., et al. (2009). In-line and real-time process monitoring of a
freeze drying process using Raman and NIR spectroscopy as complementary
process analytical technology (PAT) tools. J. Pharm. Sci. 98, 3430–3446.
doi: 10.1002/jps.21633
Depaz, R. A., Pansare, S., and Patel, S. M. (2016). Freeze-drying above the glass
transition temperature in amorphous protein formulations while maintaining
product quality and improving process efficiency. J. Pharm. Sci. 105, 40–49.
doi: 10.1002/jps.24705
Evans, S. A., Morris, K. R., Mackenzie, A. P., and Lordi, N. G. (1995). Dielectric
characterization of thermodynamic first order events in model frozen systems
intended for lyophilization. PDA J. Pharm. Sci. Technol. 49, 2–8.
Greco, K., Mujat, M., Galbally-kinney, K. L., Hammer, D. X., Ferguson, R. D.,
Iftimia, N., et al. (2013). Accurate prediction of collapse temperature using

Adams, G. D., and Ramsay, J. R. (1996). Optimizing the lyophilization cycle and
the consequences of collapse on the pharmaceutical acceptability of Erwinia
L-asparaginase. J. Pharm. Sci. 85, 1301–1305. doi: 10.1021/js960146p
Akyurt, M., Zaki, G., and Habeebullah, B. (2002). Freezing phenomena
in ice-water systems. Energy Convers. Manag. 43, 1773–1789.
doi: 10.1016/S0196-8904(01)00129-7
Arshad, M. S., Smith, G., Polygalov, E., and Ermolina, I. (2014). Throughvial impedance spectroscopy of critical events during the freezing stage
of the lyophilization cycle: the example of the impact of sucrose on
the crystallization of mannitol. Eur. J. Pharm. Biopharm. 87, 598–605.
doi: 10.1016/j.ejpb.2014.05.005
Beirowski, J., Inghelbrecht, S., Arien, A., and Gieseler, H. (2017). Freeze drying of
nanosuspensions, 2: the role of the critical formulation temperature on stability
of drug nanosuspensions and its practical implication on process design. J.
Pharm. Sci. 100, 4471–4481. doi: 10.1002/jps.22634
Bosca, S., Barresi, A. A., and Fissore, D. (2013). Fast freeze-drying cycle design and
optimization using a PAT based on the measurement of product temperature.
Eur. J. Pharm. Biopharm. 85, 253–262. doi: 10.1016/j.ejpb.2013.04.008
Bosch, T. (2014). Aggressive Freeze-Drying – a Fast and Suitable Method to Stabilize
Biopharmaceuticals. Ludwig-Maximilians Universität München
Cavatur, R. K., Vemuri, N. M., Pyne, A., Chrzan, Z., Toledo-Velasquez, D., and
Suryanarayanan, R. (2002). Crystallization behavior of mannitol in frozen
aqueous solutions. Pharm. Res. 19, 894–900. doi: 10.1023/A:1016177404647
Chatterjee, K., Shalaev, E. Y., and Suryanarayanan, R. (2005). Partially crystalline
systems in lyophilization: II. Withstanding collapse at high primary drying

Frontiers in Chemistry | www.frontiersin.org

8

January 2018 | Volume 6 | Article 4

Horn and Friess

OFS Tool: Collapse and Crystallization

Oetjen, G. W., and Haseley, P. (2004). Freeze-Drying. Weinheim: Wiley-VHC.
Pansare, S. K., and Patel, S. M. (2016). Practical considerations for determination of
glass transition temperature of a maximally freeze concentrated solution. AAPS
PharmSciTech 17, 1–15. doi: 10.1208/s12249-016-0551-x
Passot, S., Fonseca, F., Barbouche, N., Marin, M., Alarcon-Lorca, M., Rolland,
D., et al. (2007). Effect of product temperature during primary drying on the
long-term stability of lyophilized proteins. Pharm. Dev. Technol. 12, 543–553.
doi: 10.1080/10837450701563459
Patel, K., Munjal, B., and Bansal, A. K. (2017). Effect of cyclophosphamide on the
solid form of mannitol during lyophilization. Eur. J. Pharm. Sci. 101, 251–257.
doi: 10.1016/j.ejps.2017.02.025
Peters, B.-H., Staels, L., Rantanen, J., Molnár, F., De Beer, T., Lehto, V.-P., et al.
(2016). Effects of cooling rate in microscale and pilot scale freeze-drying variations in excipient polymorphs and protein secondary structure. Eur. J.
Pharm. Sci. 95, 72–81. doi: 10.1016/j.ejps.2016.05.020
Pikal, M. J. (1990). Freeze-drying of proteins. part i: process design. Biopharm 3,
18–23.
Pisano, R., Fissore, D., Barresi, A. A., Brayard, P., Chouvenc, P., and Woinet, B.
(2013). Quality by design: optimization of a freeze-drying cycle via design space
in case of heterogeneous drying behavior and influence of the freezing protocol.
Pharm. Dev. Technol. 18, 280–295. doi: 10.3109/10837450.2012.734512
Pyne, A., Surana, R., and Suryanarayanan, R. (2002). Crystallization of mannitol
below Tg’ during freeze-drying in binary and ternary aqueous systems. Pharm.
Res. 19, 901–908. doi: 10.1023/A:1016129521485
Randolph, T. W. (1997). Phase separation of excipients during lyophilization:
effects on protein stability. J. Pharm. Sci. 86, 1198–1203. doi: 10.1021/js970135b
Shah, B., Kakumanu, V. K., and Bansal, A. K. (2006). Analytical techniques for
quantification of amorphous/crystalline phases in pharmaceutical solids. J.
Pharm. Sci. 95, 1641–1665. doi: 10.1002/jps.20644
Varshney, D. B., Kumar, S., Shalaev, E. Y., Sundaramurthi, P., Kang, S.-W.,
Gatlin, L. A., et al. (2007). Glycine crystallization in frozen and freeze-dried
systems: effect of pH and buffer concentration. Pharm. Res. 24, 593–604.
doi: 10.1007/s11095-006-9178-z
Williams, N. A., and Dean, T. (1991). Vial breakage by frozen mannitol solutions:
correlation with thermal characteristics and effect of stereoisomerism,
additives, and vial configuration. J. Parenter. Sci. Technol. 45, 94–100.

optical coherence tomography-based freeze-drying microscopy. J. Pharm. Sci.
102, 1773–1785. doi: 10.1002/jps.23516
Hawe, A., and Frieß, W. (2006). Impact of freezing procedure and annealing on
the physico-chemical properties and the formation of mannitol hydrate in
mannitol-sucrose-NaCl formulations. Eur. J. Pharm. Biopharm. 64, 316–325.
doi: 10.1016/j.ejpb.2006.06.002
Her, L.-M., and Nail, S. L. (1994). Measurement of glass transition temperatures
of freeze-concentrated solutes by differential scanning calorimetry. Pharm. Res.
11, 54–59. doi: 10.1023/A:1018989509893
Izutsu, K., and Kojima, S. (2002). Excipient crystallinity and its protein-structurestabilizing effect during freeze-drying. J. Pharm. Pharmacol. 54, 1033–1039.
doi: 10.1211/002235702320266172
Jena, S., Horn, J., Suryanarayanan, R., Friess, W., and Aksan, A. (2017). Effects
of Excipient Interactions on the state of the freeze-concentrate and protein
stability. Pharm. Res. 34, 462–478. doi: 10.1007/s11095-016-2078-y
Jena, S., Suryanarayanan, R., and Aksan, A. (2016). Mutual influence of mannitol
and trehalose on crystallization behavior in frozen solutions. Pharm. Res. 33,
1413–1425. doi: 10.1007/s11095-016-1883-7
Jiang, G., Akers, M., Jain, M., Guo, J., Distler, A., Swift, R., et al. (2007). Mechanistic
studies of glass vial breakage for frozen formulations. I. Vial breakage caused by
crystallizable excipient mannitol. PDA J. Pharm. Sci. Technol. 61, 441–451.
Johnson, R. E., Kirchhoff, C. F., and Gaud, H. T. (2002). Mannitol-sucrose
mixtures–versatile formulations for protein lyophilization. J. Pharm. Sci. 91,
914–922. doi: 10.1002/jps.10094
Kaialy, W., Khan, U., and Mawlud, S. (2016). Influence of mannitol
concentration on the physicochemical, mechanical and pharmaceutical
properties of lyophilised mannitol. Int. J. Pharm. 510, 73–85.
doi: 10.1016/j.ijpharm.2016.05.052
Kasper, J. C., Wiggenhorn, M., Resch, M., and Friess, W. (2013). Implementation
and evaluation of an optical fiber system as novel process monitoring
tool during lyophilization. Eur. J. Pharm. Biopharm. 83, 449–459.
doi: 10.1016/j.ejpb.2012.10.009
Liao, X., Krishnamurthy, R., and Suryanarayanan, R. (2005). Influence of
the active pharmaceutical ingredient concentration on the physical state
of mannitol-implications in freeze-drying. Pharm. Res. 22, 1978–1985.
doi: 10.1007/s11095-005-7625-x
Liao, X., Krishnamurthy, R., and Suryanarayanan, R. (2007). Influence of
processing conditions on the physical state of mannitol–implications in freezedrying. Pharm. Res. 24, 370–376. doi: 10.1007/s11095-006-9158-3
Meister, E., and Gieseler, H. (2009). Freeze-dry microscopy of protein/sugar
mixtures: drying behavior, interpretation of collapse temperatures and a
comparison to corresponding glass transition data. J. Pharm. Sci. 98,
3072–3087. doi: 10.1002/jps.21586
Nail, S., Tchessalov, S., Shalaev, E., Ganguly, A., Renzi, E., Dimarco, F., et al.
(2017). Recommended best practices for process monitoring instrumentation
in pharmaceutical freeze drying-−2017. AAPS PharmSciTech 18, 2379–2393.
doi: 10.1208/s12249-017-0733-1

Frontiers in Chemistry | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Horn and Friess. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

9

January 2018 | Volume 6 | Article 4

