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ABSTRACT: Microscale (MS) freeze-drying offers rapid process cycles for early-stage formulation development. The effects of the MS
approach on the secondary structures of two model proteins, lysozyme and catalase, were compared with pilot-scale (PS) vial freeze-
drying. The secondary structures were assessed by attenuated total reflection Fourier transformed infrared spectroscopy. Formulations were
made with increasing sucrose—protein ratios. Freeze-drying protocols involved regular cooling without thermal treatment and annealing
with MS and PS equipment, and cooling rate variations with the MS. Principal component analysis of smoothed second-derivative amide |
spectra revealed sucrose—protein ratio-dependent shifts toward a-helical structures. Transferability of sucrose—protein formulations from MS
to PS vial freeze-drying was evidenced at regular cooling rates. Local differences in protein secondary structures between the bottom and
top of sucrose—catalase samples could be detected at the sucrose—catalase ratios of 1 and 2, this being related to the initial filling height and
ice crystal morphology. Annealing revealed temperature, protein, formulation, and sample location-dependent effects influencing surface
morphology at the top, or causing protein secondary structure perturbation at the bottom. With the MS approach, protein secondary
structure differences at different cooling rates could be detected for sucrose—lysozyme samples at the sucrose-lysozyme ratio of 1. © 2015
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INTRODUCTION

Freeze-drying is a common biopharmaceutical manufacturing
procedure intended to ensure product quality during shipment
and storage.! Despite extensive efforts made by the freeze-
drying community, formulation development often remains a
time-consuming, trial-and-error process.? Various approaches
have been described in attempts to solve these problems, for
example, utilizing downscaled well-plate setups in connection
with screening of stabilizers® or visual cake quality assess-
ment by high-throughput screening.* Recently, a microscale
(MS) setup based on the heating stage of a freeze-drying mi-
croscope was claimed to achieve a drastically reduced process
cycle time.® Although good agreement has been detected be-
tween nucleation temperature (7',) and pore morphology with
vial freeze-drying,® there are nonetheless substantial differ-
ences with regards to heat transfer, sample holder, and achiev-
able cooling rates. Most importantly, it remains to be demon-

Abbreviations used: AN 10, annealing/annealed at —10°C; AN 20, anneal-
ing/annealed at —20°C; AO, area of overlap; ATR, attenuated total reflection;
CR 1, cooling rate of 1°C/min; DSC, differential scanning calorimetry; FTIR,
Fourier transformed infrared; G-CSF, granulocyte colony-stimulating factor;
MS, microscale; PC, principal component; PCA, principal component analysis;
PS, pilot scale; SEM, scanning electron microscopy; SIMCA, soft independent
modeling of class analogy; Ty, glass transition temperature of the maximally
freeze-concentrated solution; 7', nucleation temperature.

Correspondence to: Bjorn-Hendrik Peters (Telephone: +358-50-59-44-55-3;
Fax: +358-17-162-424; E-mail: bjorn.peters@uef.fi)

This article contains supplementary material available from the authors upon
request or via the Internet at http:/wileylibrary.com.

Journal of Pharmaceutical Sciences
© 2015 Wiley Periodicals, Inc. and the American Pharmacists Association

freeze-drying; lyophilization; FTIR; calorimetry (DSC); multivariate analysis; principal component analysis; proteins; protein

strated if protein formulations freeze-dried with this type of
MS setup are qualitatively equivalent to those prepared by
a vial freeze-drying process; this is clearly a prerequisite for
scale up. At present, scale-up to vial freeze-drying has been
conducted for lactate dehydrogenase® and granulocyte colony-
stimulating factor (G-CSF)® utilizing a downscaled well-plate
setup. Nevertheless, in both of these studies, the retention of bi-
ological activity, which was assessed immediately after freeze-
drying, was the sole indicator of a successful formulation and
its transferability.®® Although the presence of biological activ-
ity is without question of major importance for a satisfactory
product, it may not be possible to conclude from this property on
its own that protein secondary structures were preserved sim-
ilarly in the freeze-dried solid at both processes. For example,
during reconstitution, processing stresses that altered a pro-
tein’s active conformation could be masked because of refolding
of the partially unfolded protein back into its active conforma-
tion, as has been reported for lysozyme, a-lactalbumin, and
chymotrypsinogen.”® In contrast to the general assumption
that structural perturbations tend to occur during the dehy-
dration event, for G-CSF, only a minor conformational change
was noted at pH 7.5.° The quality by design initiative!° empha-
sizes that an awareness of the equivalence of one critical quality
attribute of the final product alone is not sufficient for guaran-
teeing successful formulation development, transfer, and scale-
up; this caveat is especially true for protein-based products that
have such diverse and complex behaviors.

Fourier transformed infrared (FTIR) spectroscopy repre-
sents one possibility to gain further process understanding.
FTIR has been routinely used to investigate freeze-dried

Peters et al., JOURNAL OF PHARMACEUTICAL SCIENCES 1



2 RESEARCH ARTICLE — Pharmaceutical Biotechnology

samples in either the solid state after processing or in the lig-
uid state after reconstitution. The amide I region, originating
mainly from C-O stretch vibrations of the peptide linkages,'12
is particularly interesting. The identification and semiquan-
titative comparison of protein secondary structures based on
mathematical methods applied to the amide I region have been
described by Dong et al.!® and Dong and Caughey.'* Recently,
the DModXPS values of proteins in solution obtained by soft
independent modeling of class analogy (SIMCA) were shown
to provide a sensitive quantitative indicator of changes in a
protein’s higher-order structure.!® To provide evidence that the
MS approach could be utilized for early-stage formulation de-
velopment, this present study investigates the formulation- and
process-dependent variations in the secondary structure of two
model proteins formulated either without a stabilizer or in su-
crose, a disaccharide commonly utilized in freeze-drying,'® ex-
ploiting both MS and pilot-scale (PS) equipment. Furthermore,
the feasibility of using the SIMCA methodology proposed by
Stockdale et al.’® for solid-state FTIR-attenuated total reflec-
tion (ATR) measurements was evaluated.

MATERIALS AND METHODS

Sucrose (S7903) and bovine liver catalase (crystalline suspen-
sion, C30) were purchased from Sigma-Aldrich (St. Louis,
Missouri). Hen egg white lysozyme was obtained from
Dalian Greensnow Egg Products Development Company, Ltd.
(Dalian City, China). Milli-Q-water (EMD Millipore, Billerica,
Massachusetts) was produced immediately before use by fil-
tration and used at all times. Concentrations were w/w unless
stated otherwise.

MS Freeze-Drying

Microscale freeze-drying was performed on a THMS350V heat-
ing stage and controlled by the Linksys32 software package
(both Linkam Scientific, Guildford, UK). Calibration of the
temperature sensor and sample placement were performed as
described earlier.’ Briefly, before sample placement, approxi-
mately 5 pL of silicon oil were dispensed onto the silver heat-
ing block followed by a cover glass #1 with a 15-mm diameter
(Menzel GmbH, Braunschweig, Germany) acting as the vial bot-
tom that would be present in vial freeze-drying. The vial side
wall was replaced by an in-house manufactured cylindrical, hol-
low polypropylene sample holder. A volume of 200 pL of sample
was pipetted into this assembly, cooled down to —50°C at a rate
of 10°C/min, held at this temperature for 8 min, and then dried
at —33°C for 75 min. For certain formulations, this protocol was
adapted to include either an intermediate annealing step of
30 min or a cooling rate of 1°C/min (CR 1) that consisted of
cooling the sample down to —25°C at a rate of 1°C/min followed
by cooling down to —50°C at a rate of 10°C/min. After primary
drying, the sample was heated to 30°C as described earlier®
and held at this temperature for 5 min. No stoppering device
was used. Subsequently, the samples were transferred into a
desiccator for intermediate storage prior to their assessment.
The T, was noted down as the silver heating block temperature
at visual observation of the nucleation event.

PS Freeze-Drying

Pilot scale freeze-drying was performed in a Lyostar II FTS (SP
Scientific, Warminster, Pennsylvania). The formulations were
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filled into 2 mL Fiolax Clear vials (Schott AG, Mainz, Germany)
in volumes of 1 mL per vial and these were placed in the cen-
ter of the tray. Vials containing samples for biological activity
assessment were half stoppered with 13 mm Freeze Dry Stop-
pers 4023/50 (Adelphi Healthcare Packaging, Haywards Heath,
UK). Vials containing samples for FTIR-ATR and scanning elec-
tron microscopy (SEM) assessment were cut at the top prior to
freeze-drying to permit release of the intact freeze-dried cake
later; these vials were not stoppered. Vials were surrounded by
three rows of dummy vials filled with water to reduce edge vial
effects. The samples were cooled down to —45°C at a rate of
1°C/min, held at this temperature for 2 h, followed by primary
drying at —33°C. The endpoint of primary drying was consid-
ered to have occurred when identical pressure readings from
the Pirani gauge and capacitance manometer were obtained.
An intermediate annealing step of 10 h was included for certain
formulations. After the primary drying, samples were heated
to 25°C at a rate of 0.2°C/min and held at this temperature
for 2 h. The chamber pressure difference between MS and PS
at equal pressure set points of 80 mTorr was a maximum of
46 mTorr (Pirani gauge readings) because of technical limita-
tions. Subsequently, the samples were transferred into a desic-
cator for intermediate storage prior to their assessment.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed with
a DSC 823e (Mettler-Toledo GmbH, Greifensee, Switzerland).
The heating cell was calibrated using water, indium, lead, and
zinc under a nitrogen flow of 50 mL/min. A sample volume of
30 pL was pipetted into an aluminum crucible and hermetically
sealed. Samples were cooled down from 20°C to —70°C at a
rate of 10°C/min, held at this temperature for 10 min, and then
heated to 20°C at a rate of 5°C/min.

FTIR-ATR Assessment

Fourier transformed infrared-ATR spectroscopy was used for
the analysis of the protein secondary structures present in
the freeze-dried cakes. The assessment was performed with a
Nicolet 8700 spectrometer (Thermo Fisher Scientific, Madison,
Wisconsin) equipped with a Smart Endurance ATR stage and
a DTGS detector. The stage was continuously purged with dry
nitrogen to remove any detectable carbon dioxide and water
vapor. The background was measured at identical settings and
automatically subtracted from the subsequent measurements.
Samples were released from the primary packaging container
directly onto the sample stage, fixed, and measured without
further preparation. Each sample was measured 256 times at a
resolution of 2 cm™! between 4000 and 650 cm ™! at the bottom
and the top. For each model formulation, three samples were
prepared (n = 3). The residual moisture content of the sam-
ples was measured using a KF C30 coulometer (Mettler-Toledo
GmbH) and was found to be less than 0.5% (v/v).

The terms “bottom” and “top” utilized throughout this re-
port require some clarification in order to avoid potential mis-
understandings. Originally, sample preparation prior to FTIR
measurements in transmission mode involved grinding of the
lyophile with potassium bromide and subsequent compression
into a pellet under vacuum.!” This procedure had been claimed
not to cause significant alterations in the protein—disaccharide
interactions'® and to produce only minor, if any, effects on pro-
tein secondary structures.!®?° However, this meant that only
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a putatively representative sample portion could be measured.
This method differs for FTIR-ATR measurements where sam-
ple preparation involves the removal of the sample from its
holder, placement of the lyophile on top of the measurement
crystal, and fixation of the sample. Therefore, in this report,
“bottom” refers to a freeze-dried sample placed onto the mea-
surement crystal in accordance with its orientation in the sam-
ple holder and “top” describes a freeze-dried sample inverted
by 180° along its horizontal axis before being placed onto the
measurement crystal. Furthermore, the results presented as
“bottom” and “top” are assumed to refer to a sample portion, not
exclusively to the outermost layer of the sample. Such an
assumption is reasonable and takes into account the FTIR-
ATR beam penetration depth? and the porosity of freeze-dried
samples,® potentially causing intermediate layers to fill the
voids of the outermost layer during fixation.

Spectral Processing and Analysis

Second derivatives of the amide I region (1700 to 1600 cm 1)
were calculated following Savitzky—Golay smoothing with a
nine-point third-order polynomial using the OMNIC soft-
ware package (Thermo Fisher Scientific) and area normalized
with an in-house MATLAB® (The MathWorks, Natick, Mas-
sachusetts) routine. Then, the area of overlap (AO) was calcu-
lated according to the procedure described by Kendrick et al.?!
With respect to AO calculation and to facilitate the MS to PS
comparison, the spectra of the first PS sucrose—protein sample
of the highest ratio were used as reference.

An extensive introduction to the SIMCA approach can be
found in Stockdale et al.'® In brief, SIMCA-P+ (Umetrics AB,
Umed, Sweden) was used for principal component analysis
(PCA) of the area-normalized and mean-centered spectra in or-
der to qualitatively analyze the sucrose concentration and pro-
cess cycle-dependent protein secondary structure variations.
Then, SIMCA modeling was performed with the same software
to construct PCA models for appropriate sample groups. Subse-
quently, the model sample groups, one at a time, were compared
with other samples to obtain a measure of distance from the re-
spective sample group, that is, the descriptor DModXPS. The
D-Crit value was calculated based on an o-value of 0.001. A
DModXPS-value higher than D-Crit indicated with a probabil-
ity of 99.9% that a sample is not a member of the sample group
originally used to create the model. Finally, in order to confirm
that the DModXPS descriptor could be used reliably as a quan-
titative surrogate in this solid-state FTIR-ATR approach, the
correlation with AO was calculated.

Bands identified in the loading (PCA) or contribution
(SIMCA) plot were interpreted in accordance with Dong et al.'
and Dong and Caughey.

Scanning Electron Microscopy

The freeze-dried samples were coated using an Agar Auto Sput-
ter Coater (Model B7341; Agar Scientific Ltd., Stansted, UK)
in order to ensure electric conductivity on the sample surfaces
and to minimize or eliminate surface charging. A sputter time of
120 s and a gold anode were used, resulting in a coating thick-
ness of approximately 60-70 nm. Subsequently, morphology
and thickness were observed with a Field Emission (Schottky
type) SEM (Carl Zeiss Sigma HD VP; Carl Zeiss NTS, Cam-
bridge, UK). During the observation, an acceleration voltage
of 6 kV combined with an aperture of 30 p in diameter was
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used under high vacuum conditions (pressure, P < 2 mPa). The
micrographs were captured with an Everhart-Thornley type
secondary electron detector with 300 V grid bias in order to
gain surface topographic contrast.

Fluorescence-Based Biological Activity Assay

The biological activity of lysozyme was assessed with the En-
zChek Lysozyme Assay Kit (E-22013; Thermo Fisher Scientific)
as described earlier.” The biological activity of catalase was
assessed with the Amplex® Red Catalase Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s recommen-
dations. Freeze-dried samples were reconstituted with water to
the original sample volume and diluted down to a concentration
of 6.25 pg/mL using a 0.1-M Tris—HCI pH 7.5 reaction buffer.
For each reaction, 25 pL of the diluted sample and 25 pL of
40 p M hydrogen peroxide solution were pipetted into the well of
a 96-well ViewPlate (PerkinElmer, Waltham, Massachusetts).
After incubation of the samples for 30 min at room tempera-
ture, 50 pL of 10 uM Amplex® Red and 40 pM horseradish
peroxidase mixture were added to each well and the samples
were incubated for 30 min at 37°C in the dark. The fluorescence
intensity of each reaction was measured in an EnVision 2004
multilabel reader (PerkinElmer) equipped with monochroma-
tors set to excitation at 545 nm and emission at 590 nm.

RESULTS
Lysozyme Formulations

The results originating from FTIR-ATR lysozyme sample spec-
tra are presented in Figure 1. Representative spectra of each
formulation prepared at PS are presented in Figure 1a to pro-
vide an overview of how changes in the sucrose-lysozyme ra-
tio were related to protein secondary structure variation. A
clear shift of the most intense peak from approximately 1641 to
approximately 1652 cm ! was noted with increasing sucrose—
lysozyme ratios. The PCA score plot including all spectra is
presented in Figure 1b. Principal components (PCs) 1 and 2 ac-
counted for 94% (PC 1: 83%, PC 2: 10%) of the dataset variation.
One spectrum of lysozyme without sucrose was proposed as an
outlier (Hotelling’s T? 95%, gray-colored square in Fig. 1b) but
was kept as a part of the model. The visual inspection of the
score plot identified three distinct groups, separated according
to their sucrose contents. Furthermore, a clear shift from the
right to the left along PC 1 was found and this corresponded
to the increase in the sucrose—lysozyme ratio from 0 to 1. The
loading plot (Fig. 1c) to Figure 1b explained this shift along PC
1 as being a change from predominantly pB-sheet (1615, 1641,
1689 cm™1) to a-helical (1654 cm™1), B-sheet (1623 cm™1), and
B-turn (1667 cm™!) structures. The DModXPS results are de-
picted in Figure 2. The DModXPS descriptor was calculated for
all spectra based on a SIMCA model created from PS sucrose
1% sample spectra (model samples shown as red bars in Fig. 2).
At the sucrose-lysozyme ratio of 1, all regular MS and MS CR 1
bottom and top samples were similar but did not belong to the
model sample group. Similarly, MS AN 10 (annealed at —10°C)
bottom samples were close, whereas one out of three MS AN
10 top samples was found to belong to the model sample group.
Importantly, the correlation between DModXPS and AO (Fig.
1d) was found to be excellent, that is, correlation coefficient R?
= 0.9467.
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Figure 1. (a) Fourier transformed infrared-ATR spectra of PS

lysozyme samples. (b) PCA score plot of all FTIR-ATR lysozyme spec-
tra (the gray square was proposed as outlier but kept in the model).
(c) PCA loading plot of PC 1 to (b). (d) Correlation plot between AO and
DModXPS.

The AO results are summarized in Table 1. For lysozyme
without sucrose the AO varied between approximately 83%—
86%. At a sucrose—lysozyme ratio of 0.5, the AO increased to ap-
proximately 94%-95% and achieved approximately 94%—98%
at a ratio of 1. For a few sucrose 1% samples, a tendency to-
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ward greater AO at the top was noted when comparing bottom
and top against their respective references (Table 1, columns
“Bottom Versus Bottom” and “Top Versus Top”). Nevertheless,
no significant difference between bottom and top was found
with the SIMCA model created from the MS and PS sucrose
1% bottom sample spectra (not shown). Furthermore, for the
sucrose 1% formulations, the MS CR 1 samples showed an in-
creased AO when compared with the respective regular MS
samples at both bottom and top. The results of the SIMCA
model created from these regular MS samples are presented
in Figure 3. Representative FTIR-ATR spectra of regular MS
and MS CR 1 samples are shown in Figure 3a and provide
an overview of how changes in the MS cooling rate were re-
lated to protein secondary structure variation. Although the
peak intensity difference of the a-helical peak at approximately
1654 cm™! was clearly seen and initially considered to be the
source of group separation depicted in Figure 3b (model sam-
ples shown as red bars), the contribution plot (Fig. 3c) identified
the B-sheet structures at 1642 cm ! as the major source of group
separation.

All MS and PS samples revealed almost identical biological
activities after reconstitution (not shown).

Catalase Formulations

The results originating from FTIR-ATR catalase sample spec-
tra are presented in Figure 4. Representative spectra of each
formulation prepared at PS are presented in Figure 4a to pro-
vide an overview of how changes in the sucrose—catalase ratio
were related to protein secondary structure variation. A clear
increase in a-helical peak intensity at approximately 1658 cm ™!
and a shift of the B-sheet peak from approximately 1638 to
approximately 1642 cm ! was noted with increasing sucrose—
catalase ratios. The PCA score plot including all spectra is pre-
sented in Figure 4b. PCs 1 and 2 accounted for 87% (PC 1: 81%,
PC 2: 6%) of the dataset variation. The visual inspection of the
score plot identified four distinct groups; three could be cate-
gorized according to the sucrose—catalase ratios, displaying a
shift along PC 1 from right to left: catalase (1) without sucrose,
(2) with sucrose 0.5%, (3) with sucrose 1% and 2%. The fourth
group consisting of three 2% sucrose samples was located be-
tween groups (1) and (2) and identified as PS AN 10 bottom
samples. The loading plot (Fig. 4c) to Figure 4b explained this
shift along PC 1 as being a change from predominantly -sheet
(1615 and 1634 cm™!) and disordered (1648 cm™!) to a-helical
(1658 cm 1) and B-sheet (1642 and 1685 cm™!) structures. The
DModXPS results are depicted in Figure 5. The DModXPS de-
scriptor was calculated for all spectra based on a SIMCA model
created from PS sucrose 2% sample spectra (model samples
shown as red bars in Fig. 5). At a sucrose—catalase ratio of 1,
one out of three MS bottom samples and two out of three MS top
samples were found to belong to the model sample group. Sim-
ilarly, one out of three MS AN 20 (annealed at —20°C) bottom
samples and all MS AN 20 top samples were found to belong to
the model sample group.

In addition to the MS to PS comparison, all PS regular and
PS AN 20 samples with sucrose—catalase ratios of 1 and 2 were
found to belong to the model sample group. Catalase formu-
lations annealed at —10°C either collapsed during the process
(MS) or the bottom samples did not to belong to the model sam-
ple group (both PS AN 10 sucrose 1% and PS AN 10 sucrose 2%),
whereas the corresponding top samples were found to belong to
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Table 1. Area of Overlap Results of Freeze-Dried Model Protein
Formulations

Formulation Protocol  Scale AO (%)
Bottom Versus  Top Versus
Lysozyme (1%) + Bottom Top
- Regular MS 86.04 £2.85  84.40 +4.26
PS 83.20 £ 1.52  83.60 + 1.34
CR1 MS 8445 +279  86.25 £ 2.06
Sucrose (0.5%) Regular MS 94.69 +£ 0.67  94.58 + 0.47
PS 9440 £ 0.81  93.96 + 0.63
CR1 MS 9496 £ 0.89  94.90 + 1.67
Sucrose (1%) Regular MS 93.54 +2.04 95.46 + 1.11
PS (Ref.) 97.27+£0.18 97.36 £ 1.65
CR1 MS 9595 +1.25 96.77 £ 0.78
AN 10 MS 96.64 £ 0.86  96.88 + 0.41
PS 96.22 £ 0.70  97.92 +£0.32
Bottom Versus  Top Versus
Catalase (1%) + Bottom Top
- Regular MS 7786 +£091 7754 +2.04
PS 76.75 £ 0.74  77.88 £0.95
Sucrose (0.5%) Regular MS 89.68 £ 0.77 89.88 + 1.37
PS 88.93 £0.48 91.69 + 0.86
Sucrose (1%) Regular MS 91.46 + 0.36 93.62 + 1.43
PS 93.29 £0.39 9545+ 0.25
AN 20 MS 91.50 £ 1.38  94.49 + 0.67
PS 9243 +£0.34¢ 94.31 +0.61
AN 10 MS - -
PS 91.31 £ 0.60 93.70 £ 1.96
Sucrose (2%) Regular PS (Ref) 94.11+0.56 95.98 + 0.58
AN 20 PS 93.62 £1.13  94.67 £ 0.30
AN 10 PS 86.54 +£2.04 94.31 £ 0.61

“Reference samples for AO calculations were for the lysozyme formulations
regular PS sample 1 of the 1% sucrose formulation and for the catalase formula-
tions regular PS sample 1 of the 2% sucrose formulation.

AO, area of overlap; CR 1, cooling rate 1°C/min; AN 10, annealing at —10°C;
AN 20, annealing at —20°C; MS, microscale; PS, pilot scale; Ref., reference for-
mulation.

All formulation percentages reported as w/w; AO reported as mean + SD, n =
3 (from reference formulations the first sample was used as reference, presented
percentages were calculated based on the remaining samples, n = 2).

the model sample group. Results of an attempt to investigate
the morphological behavior leading to collapse will be described
later. Importantly, the correlation between the DModXPS de-
scriptor and the AO (Fig. 4d) was found to be excellent, that is,
correlation coefficient R? = 0.9898.
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(c) PCA loading plot of PC 1 to (b). (d) Correlation plot between AO and
DModXPS.

As reported in Table 1, for catalase without sucrose, the AO
varied between approximately 77%—78%. At a sucrose—catalase
ratio of 0.5, the AO increased to approximately 89%-92%, at a
ratio of 1 to approximately 91%—95%, and achieved approxi-
mately 94%—96% at a ratio of 2 excluding the PS AN 10 bottom
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samples, which revealed a strongly reduced AO of 87%. All of
the sucrose 1% and 2% samples displayed a tendency toward
greater AO at the top when comparing bottom and top against
their respective references (Table 1, columns “Bottom Versus
Bottom” and “Top Versus Top”). The results of the SIMCA model
created from MS and PS regular bottom sucrose 1% and 2%
samples are presented in Figure 6. Representative FTIR-ATR
spectra of PS samples in Figure 6a provide an overview of the
sample location-dependent protein secondary structure vari-
ation. The observed peak intensity difference of the a-helical
peak at approximately 1656 cm ! and disordered structures at
approximately 1648 cm~! agreed well with the contribution plot
(Fig. 6¢). Interestingly, although all MS top samples were con-
sidered to belong to the model sample group, two out of three PS
regular sucrose 1% and all PS regular sucrose 2% samples did
not belong to the model sample group (Fig. 6b, model samples
shown as red bars). In an attempt to provide evidence for the
relation between initial filling height, ice crystal morphology,
and protein secondary structure, the DModXPS descriptor was
plotted against the initial filling height (Fig. 6d) and ice crystal
mean size modeled for a mannitol formulation at a T, of —14°C
as conducted by Nakagawa et al.?? (Fig. 6e).

The biological activity of samples reconstituted immediately
after freeze-drying is displayed in Figure 7. Catalase without
sucrose underwent a drastic biological activity loss when pre-
pared either with MS (Fig. 7a) or with PS (Fig. 7b) equipment.
All formulations containing sucrose displayed no major differ-
ences in biological activity.

Catalase Formulations—Aggressive Annealing

As mentioned before, MS AN 10 samples collapsed during pro-
cessing and therefore these samples were not available for fur-
ther investigation. Assuming that annealing would cause sim-
ilar morphological effects, irrespective of whether freeze-dried
at MS or PS, one PS AN 10 sample and two control samples,
one PS regular and one PS AN 20, were prepared at a sucrose—
catalase ratio of 1 and investigated by SEM. Representative
surface areas of one PS regular, PS AN 20, and PS AN 10 sam-
ple are presented in Figure 8. Regular processed samples were
found with either round or slit pores (Fig. 8 a-I). A decreasing
number of pores was found as the annealing temperature was
increased (Figs. 8 b-I and 8c-I). Images taken from the side of
the respective samples revealed a thickness of approximately
1.0-1.1 p for all samples (Figs. 8 a-II-8c-II). Additional SEM
images confirming that none of the morphological variations
were caused by the sample coating process are available in the
supplementary material.

DISCUSSION
Equipment Scale and Process Cycle Differences

Differences in the MS and PS processes (i.e., differences in
sample placement, target cooling temperature, chamber pres-
sure, and secondary drying temperature) will be considered
before the MS and PS results are compared. At PS, vials were
placed in the center of the middle shelf surrounded by three
rows of dummy vials filled with water to ensure consistent heat
transfer. Because of the distance of the shelf center from the
PS freeze-dryer Plexiglas door, it was anticipated that there
would be reduced radiative heat transfer. The curved vial bot-
tom shape provides little direct contact between vial and shelf,?

DOI 10.1002/jps.24615
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but the gas-filled gap may have influenced the heat transfer
characteristics depending on the chamber pressure.?* In the MS
approach, the silver heating stage was utilized as a shelf but no
space was available in which to place surrounding dummy sam-
ples. As the MS freeze-drying cell originates from a microscopy
assembly, there was a window directly above the sample. Thus,
it appeared reasonable to assume that radiative heat transfer
would be a major contributor to the total heat transfer. No gap
was present below the sample because of the silicon oil and the
plane sample holder bottom. Therefore, the sample container
was in direct contact with the shelf. Although these differences
were anticipated to influence the overall heat transfer charac-
teristics and subsequently to alter the cycle duration, they were
not expected to exert any impact on protein secondary struc-
tures. Because of the presumably high radiative heat transfer,
the MS target cooling temperature was set at 5°C lower than
the respective PS temperature.

The differences in chamber pressure at equal pressure set
points resulted from technical limitations and are predicted to
have only a minor, if any, influence on MS heat transfer, as there
was no gap between the bottom of the sample container and
the shelf. Furthermore, this effect was considered more likely
to influence the cycle duration than to alter protein secondary
structures.

The 5°C difference in secondary drying temperature was re-
lated to the volume of the liquid nitrogen reservoir. At 30°C,
the liquid nitrogen flow rate is minimal, which reduces the risk
of running out of liquid nitrogen but ensures that earlier sub-
limed ice remains frozen close to the nitrogen inflow port that
acts as the condenser. Importantly, no collapse was noted while
approaching the secondary drying temperature, and the sec-
ondary drying temperatures were well below the glass transi-
tion temperatures of sucrose-lysozyme?® and sucrose—catalase
formulations,?® both reported to be between 60°C and 70°C at
low residual moisture levels. Here, samples revealed a residual
moisture content of less than 0.5% (v/v), so that the secondary
drying target temperatures were predicted to have only a mi-
nor, if any, influence on protein secondary structures.

Regular Process Cycle Results—Are MS and PS Equivalent?

The AO calculation, PCA, and SIMCA modeling of the FTIR-
ATR all confirmed the ability of the disaccharide, sucrose, to
stabilize both model proteins and are in good agreement with
earlier reports for lysozyme®2?% and catalase.?® The protective
effect of sucrose was also confirmed by measurement of the post
freeze-drying biological activity of catalase; this was drastically
reduced when there was no sucrose added but generally well
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preserved in the presence of sucrose. In addition, biological ac-
tivity was not reduced for lysozyme in agreement with earlier
assessments of freeze-dried lysozymes’ biological activity.>28
However, because of the ability of lysozyme to refold into its bi-
ologically active conformation after reconstitution,® this cannot
be construed as confirmation of the protective effect of sucrose.
When inspecting Table 1 for differences between MS and PS
AO for both lysozyme and catalase, a trend was found; it dis-
played a decrease of approximately 2%—4% at MS. On the PCA
score plots (Figs. 1b 4b), both MS and PS samples were found
to group together. However, the assessment of the SIMCA-PCA
modeling revealed that several, but not all, of the MS sam-
ples matched well with the respective PS model sample groups
(Figs. 2 and 5). Given the small sample set (n = 3), it may not
be possible to draw any firm conclusions on equivalency. Never-
theless, the assessment does indicate that there had been very
similar stabilization of secondary structures of these two model
proteins with MS and PS vial freeze-drying approaches.

Process Cycle Variations—MS Cooling Rate

With respect to the AO calculations, MS CR 1 samples exhibited
no obvious differences to their regular MS counterparts up to a
sucrose—lysozyme ratio of 0.5, but revealed a tendency toward
structural differences at a ratio of 1. This result was surprising,
as the key characteristics of the freezing process such as the 7',
(Table 2) and the short duration until full solidification of the
sample (visual observation) appeared to be similar, and sucrose
is known to remain amorphous throughout the freeze-drying
process.?” The main difference to regularly cooled down MS
samples was the increased B-sheet content, as revealed in the
SIMCA-PCA contribution plot (Fig. 3c). As one can identify an
increase in a-helical content and at the same time the increase
in B-sheet content is far less than occurred with the lysozyme
samples prepared without sucrose, it appears that both MS reg-
ular and MS CR 1 samples were similar to the PS model sample
group in Figure 2. Although it is not possible to generalize this
finding to claim that an increase in ordered protein secondary
structures can be achieved at reduced cooling rates, variations
because of different cooling rates can be expected. With respect
to proteins, the relationship between cooling rate and ice crys-
tal size?? potentially leads to significantly different results, if
proteins are prone to surface denaturation at the ice-water
interface.?® There is also the contribution of excipients to be
considered, for example, mannitol, another common excipient
in freeze-drying, is known to display polymorphic variations
depending on the cooling rate?® and formulation.?°

Peters et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Process Cycle Variations—Annealing

The annealing step and its effect on cake structure have been
claimed previously to allow ice crystals to rearrange, a phe-
nomenon also referred to as Ostwald ripening,3! leading to
freeze-dried cakes with larger pores than the pores of samples
originating from standard freezing protocols.?? Here, annealing
durations of 30 min (MS) and 10 h (PS) were chosen to repre-
sent a substantial part of the respective total process durations,
but no attempt was made to scale the degree of annealing.

At a sucrose—catalase ratio of 1, regular catalase samples
were successfully protected as indicated by the similarity to
the model sample group in Figure 5. The same was true for
MS and PS AN 20 samples, but annealing at —10°C caused col-
lapse at MS, whereas at best minor protein secondary structure
differences to the model sample group were noted for PS sam-
ples. The annealing temperatures applied here were similar to
those commonly reported, ranging from —5°C to —15°C.2337 It
has also been stated earlier that in order to achieve a beneficial
effect on the primary drying rate, the annealing temperature
should exceed a formulation’s glass transition temperature of
the maximally freeze-concentrated solution (T}") without caus-
ing sample melt.?® The annealing temperatures applied here
exceeded the T, values of all formulations annealed at MS
and PS according to the DSC measurements (Fig. 9). With
respect to the lysozyme formulation (Fig. 9a), the measured
T, was found in between the T, values measured for sucrose
(1%: —33.36°C, 2%: —33.27°C; thermograms not shown) and
lysozyme (—16.5°C*), and the catalase formulation T, was
found to be indistinguishable from sucrose (Fig. 9b), presum-
ably because of the low concentrations and the close T’ values
of sucrose and catalase (—29°C).*° Furthermore, no melting was
observed during the MS freeze-drying cycle. Although the cri-
teria for annealing were met, SEM images (Fig. 8) provided ev-
idence that there was a reduced number of pores at the surface
with increasing annealing temperatures. Therefore, it could be
proposed that 30 min annealing at MS drastically reduced the
amount of pores in the surface layer of the catalase MS AN
10 samples that increased the resistance to vapor flow, finally
resulting in collapse. Considering the increased radiative heat
transfer to the sample top mentioned above, it appears possible
that the actual annealing temperature at the sample top may
have been even higher than that applied to the PS samples
used for SEM assessment. The corresponding catalase PS AN
10 samples were similar to the model sample group (Fig. 5),
whereas at a sucrose—catalase ratio of 2, PS AN 10 samples
revealed a major change in the sample bottom area, that is,
there was an AO reduction to 87% (Table 1), a clear separation
on the PCA score plot (Fig. 4b), and an apparent distance to the
model sample group (Fig. 5). This finding was interpreted to be
a consequence of smaller ice crystals at the sample bottom® and
the assumption that Ostwald ripening preferably causes rear-
rangement of small ice crystals,® leading to increased stress on
the protein secondary structures present at the bottom. On the
basis of the available data, it remains open why perturbation
of the protein secondary structures was found clearly increased
at the higher sucrose—catalase ratio of 2 but only marginally
increased at the ratio of 1.

Interestingly, lysozyme AN 10 samples showed good similar-
ity to the reference samples or model sample group (Table 1;
Figs. 1b and 2), irrespective of whether they were prepared
with MS or PS equipment. However, it should be remarked
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Figure 7. Results of the catalase biological assay normalized to formulation catalase 1% + 1% sucrose (all w/w). Error bars represent standard
deviation. All formulations contain 1% catalase (w/w). Abbreviations: Suc 0.5, sucrose 0.5% (w/w); Suc 1, sucrose 1% (w/w),Suc 2, sucrose 2%
(w/w); AN 20, Annealing at —20°C; AN 10, annealing at —10°C. (a) MS results (b) PS results.

Figure 8. Representative SEM images of PS 1% catalase + 1% sucrose (all w/w) samples. Top row (a-I—c-I): surface image of sample top. Bottom
row (a-II—c-II): side view of the surface layer. Scale bars valid for the respective row. Linear contrast and brightness adjustment were performed
on complete sections without eliminating, reducing, and/or enhancing any original information present in accordance with ethical guidelines of
digital image manipulation. Denotations: a, regular process; b, annealing at —20°C; ¢, annealing at —10°C.

that sucrose-lysozyme constitutes a rare case of a specific
disaccharide—protein interaction that has been revealed after
structural analysis of the high-resolution X-ray experimental
data of the lysozyme in 20% sucrose compared with apo protein
(Fig. 10). The unique sucrose is located between the a-helical
and f-sheet containing regions. The specific intramolecular in-
teractions consist of the direct contacts between hydroxyl moi-
eties of sucrose and five lysozyme residues (aspartate 52, glu-
tamine 57, asparagine 59, tryptophan 63, and alanine 107).
In addition, there are four water-mediated hydrogen bonds
present in the same structure. Most of the directly mediated hy-
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drogen bonds are considered as very strong ones with a length
under 3.0 A. A possible mechanistic explanation for this inter-
action is the nature of this enzyme to catalyze the breakage
of 1,4- bonds between N-acetylmuramic acid and N-acetyl-D-
glucosamines or between two N-acetyl-D-glucosamines. Here,
we hypothesize that sucrose that is bound between the two do-
mains mimics the binding of N-acetyl-D-glucosamine. Nonethe-
less, it appears reasonable to conclude that one can achieve sim-
ilar annealing effects on protein secondary structures with both
MS and PS, although it may be protein, temperature, duration,
and excipient—protein ratio dependent.

Peters et al., JOURNAL OF PHARMACEUTICAL SCIENCES
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Table 2. Model Protein Formulations and MS Nucleation Temperatures of FTIR-ATR Samples (Excluding Annealed Samples)

Formulation Protocol® MS Nucleation Temperature (°C)

Protein Stabilizer Sample 1 Sample 2 Sample 3

Lysozyme (1%) - Regular -16.5 -15.9 —-11.2

CR1 -9.6 -18.6 -154

Sucrose (0.5%) Regular —18.5 -16.9 -16.5

CR1 —-16.0 —18.6 -15.4

Sucrose (1%) Regular -16.7 —18.1 —13.9

CR1 -111 —14.7 -13.0

Catalase (1%) - Regular -19.8 -17.6 —-19.7

Sucrose (0.5%) Regular —-174 —-21.3 —13.7

Sucrose (1%) Regular —-17.8 —-17.7 —-19.5

b

Sucrose (2%)

“Regular protocol cooling rates were 10°C/min for MS and 1°C/min for PS.
bFormulation prepared in PS only.

All percentages reported as w/w.

CR 1, cooling rate 1°C/min; MS, microscale; PS, pilot scale.
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Figure 9. Differential scanning calorimetry thermograms of the for-
mulations utilized for annealing. (a) 1% lysozyme + 1% sucrose (b) 1%
catalase 4 2% sucrose (¢) 1. Catalase + 1% sucrose (all w/w).

Local Sample Variations—Bottom and Top

On the basis of the finding of protein denaturation at the ice—
water interface,2® ice crystal growth from bottom to top fol-
lowing nucleation,*! and the correlation between initial filling
height, T,,, and ice crystal morphology,?? it appeared reason-
able to conclude that protein secondary structure differences
were related to either initial filling height or ice crystal mean
size. Considering the initial sample volumes and the inner di-
ameter of the sample containers, the initial filling height was
approximately 3.1 mm for MS and 6.5 mm for PS. Although one
can argue about the significance of the protein secondary struc-
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ture difference (Fig. 6b), a trend was detected for a correlation
between DModXPS versus initial filling height (Fig. 6d) and
versus ice crystal mean size (Fig. 6e). The ice crystal mean size
was taken from a model developed for a 10% mannitol solution
at T, = —14°C?? and therefore should only be considered as a
rough indicator.

As no local variation was found for lysozyme, it is currently
not possible to state whether this result was specific to the
investigated catalase formulations or if local variation was
greatly reduced for lysozyme because of the rare specific in-
teraction with sucrose, as mentioned above.

CONCLUSIONS

A MS approach was used to freeze-dry two model proteins for-
mulated without stabilizer and in sucrose. This approach re-
sulted in a similar degree of protection of protein secondary
structures as could be observed in PS vial freeze-drying sam-
ples. The SIMCA-PCA modeling approach was successfully em-
ployed in the analysis of solid-state FTIR-ATR spectra and
revealed an excellent correlation to the AO parameter. Spec-
troscopic analysis complemented the post freeze-drying bio-
logical activity assessment in determining the similarities be-
tween the MS and PS samples, but provided additional insights
into the solid-state protein secondary structures. Furthermore,
it was possible to relate differences in the protein secondary
structures between bottom and top to the initial filling height
and the ice crystal mean size. Similar annealing effects were
achieved at MS and PS for lysozyme and some catalase for-
mulations at some process cycles indicating the potential to
evaluate annealing effects during early-stage formulation de-
velopment. Nevertheless, a better mechanistic understanding
of annealing at both scales would be required to avoid a trial-
and-error approach, especially for proteins prone to damage at
the ice—water interface and without the possibility of a specific
interaction with the stabilizer. There was some evidence for
some influence of the cooling rate with MS but further inves-
tigations involving other model proteins and excipients will be
required to understand the dimension of the cooling rate effect.
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