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A B S T R A C T

In this work we use Raman spectroscopy for protein characterization in the frozen state. We investigate the
behavior of frozen therapeutic monoclonal antibody IgG1 formulation upon thawing by Raman spectroscopy.
Secondary and tertiary structure of the protein in three different mab formulations in the frozen state are fol-
lowed through observation of marker bands for a-helix, b-sheet and random coil. We identify the tyrosine
intensity ratio I856/I830 as a marker for mab aggregation. Upon fast cooling (40 °C/min) to −80 °C we observe
a significant increase of random coil and a −helical structures, while this is not the case for slower cooling
(20 °C/min) to −80 °C. Most changes in the protein’s secondary structure are observed in the course of thaw-
ing in the range up to -20 °C, when passing through the glass transitions and cold-crystallization of the two
types of freeze-concentrated solutions formed through macro- and microcryoconcentration. An increase of
protein concentration and the addition of mannitol suppress secondary structural changes but do no impact
on aggregation.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

The freezing and thawing (FT) process plays an important role in
the manufacturing, transportation and storage of pharmaceutical
products. Even though it is commonly applied to avoid or limit foam
production, mechanical stress, restricting microbial growth and to
increase the shelf-life,1 the process itself still comes with challenges
for pharmaceutical industries (e.g. crystallization of excipients, pH-
shifts, stress at ice-liquid interfaces and cryoconcentration). Hereby,
the highest and utmost priority lies in the preservation and protec-
tion of the protein in order to ensure the quality and safety of the
product. Therapeutic protein solutions, including monoclonal anti-
body (mab) solutions, may suffer from structural changes during FT
processes. These structural changes can cause misfolding/unfolding,2,
3 leading to protein aggregation and in - the worst-case - loss of bio-
logical activity and/or an increase of immunogenic response in
patients.4-6 Various aggregation pathways have been reported in
literature.7
FT stress may contribute to structural changes of proteins, e.g.,
through cryoconcentration, phase separation,8 surface-induced dena-
turation9-11 or change of chemical micro-environment caused by buffer
salts or cryoprotectants. Freezing and storage protocols that have a set-
point temperature below all glass transition temperatures (Tg and Tg’)
are preferred to avoid ice crystallization or molecular mobility is
likely.12,13 Cryoprotectants can be helpful to minimize the damaging
effects of FT on the protein2,14-16 in aqueous solutions12,17,18 Hereby, the
formulation plays a decisive role. Buffer formulations have to be prop-
erly characterized for their impact on Tg’which depends on type of cry-
oprotectants, concentration of excipients, pH value and ionic
strength.19-23

In our study, we demonstrate the power of Raman spectroscopy
for the characterization of the secondary and tertiary structure of
mab formulations during FT. Raman bands carry information about
the local chemical environment, e.g., functional groups. In aqueous
solutions, band patterns are specific for solutes and their hydration.
They differ significantly in liquid solution, in glassy solution or in the
crystalline state. Also, monomers, dimers and higher oligomers of sol-
utes can be distinguished. Band intensities may be used as an indica-
tor for the concentration of certain species, e.g., monomeric or
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aggregated proteins. The linewidth of the bands provides information
about order, e.g., crystalline versus amorphous nature of a solid
sample.

This concept is illustrated in the Fig. 1 on the example of pepti-
des.24 Changes of secondary structure can be inferred from 9 charac-
teristic amide bands associated with the CONH group: Amide A
(3225-3280 cm�1),25 B and I-VII bands (in order of decreasing wave-
numbers). The so called “fingerprint region” contains Amide I-III (see
Fig. 1, right and Table 1).

Since a mab formulation consists of protein in aqueous buffer, the
most prominent peak, the O-H-stretch at 3130 cm�1, can be used as
an indicator for presence of buffer solution (see Fig. 1, left). Amide I-
III are commonly used for characterizing changes of secondary struc-
ture in proteins33-35 since the carbonyl (CHO) and the amine (N��H)
groups on the protein backbone (see Fig. 1, left, inlet) contribute to
hydrogen bonding in a-helix, b-sheet and random coil.36 A native
IgG antibody consists mainly of b-sheets.37,38 Depending on the net-
work of the stabilizing hydrogen bonds (N��H. . ..OHC) in between
adjacent b-strands, a b-sheet can be categorized into antiparallel and
parallel.31 IgG antibodies only consist of antiparallel b-sheets. In par-
ticular, an IgG antibody shows 12 domains (8 domains in the Fab
region and 4 in the Fc region). Each constant domain consists of 7
antiparallel b-strands and each variable domain counts 7+2 antipar-
allel b-strands. The b-strands are arranged in 2 b-sheets stabilized
by one disulfide bridge.

Random coil means that the protein does not show a specific sec-
ondary structure but rather a random orientation of amino acids with
inherent local interactions.39

The tertiary structure of any protein is inferred based on disulfide
bridges and aromatic amino acids of the side chains. The disulfide
bond band is seen in the Raman spectra between 500 cm�1 and
550 cm�1 depending on the conformation, the mode of coupling and
the hydrogen bonds.40 The aromatic residues of amino acids phenyl-
alanine (Phe), tryptophan (Trp) and tyrosine (Tyr) cause many vibra-
tional bands in the fingerprint region (600 ̶ 1800 cm�1) as listed in
Table 2. Due to their high sensitivity to the chemical environment,
wavenumbers may shift by 5 cm�1.

The tyrosine (Tyr) doublet of IgG at 830 cm�1 and 856 cm�1 is
given attention since the band intensity ratio (856 cm�1)/(830 cm�1)
is important indicator reflecting the degree of “exposure” to the sol-
vent. The polar uncharged amino acid tyrosine is a proton donor or
acceptor. Hence, tyrosine forms hydrogen bonds either within the
Figure 1. (left) Full Raman spectrum and (right) fingerprint re
protein (both main chain and side chain) when being buried or with
the water molecules of the solvent (here buffer solution) or other
tyrosine residues of adjacent antibodies when being exposed. Hydro-
phobic amino acids, in contrast, are usually buried inside the protein
core with limited to no access to the aqueous solvent. When tyrosine
is exposed the surface area of the residue in the protein structure in
contact with the buffer solution increases. Thus, if the intensity ratio
(856 cm�1)/(830 cm�1) is above 1 the hydroxyl group of tyrosine is
exposed to the buffer solution, and acts as a H-bond acceptor. By con-
trast, if the ratio is below 1 the OH group acts as a hydrogen-bond
donor and is buried44 within the protein structure.45 That is, the
intensity ratio is also known as a marker for hydration46 and a
marker for tyrosine side chain interaction47 (e.g., with NH3+ groups
of other amino acids). Tyrosine residues in IgG are part of the Fab
region which can be expected to interact with other tyrosine residues
of neighboring IgG42,48 (dityrosine formation). Hence, the tyrosine
intensity ratio is suitable as a marker for possible aggregation.42

Additionally, the band assigned to phenylalanine at around
1000 cm�1 has been suggested as a pre-aggregation marker.42 In the
scientific community the phenylalanine band is also known and com-
monly used as an internal standard since it is not sensitive to protein
conformation or microenvironment.49,50 At the same time this band
can indicate the extent of deamidation in protein.49

In this work we qualitatively investigate structural changes of a
frozen monoclonal antibody (mab) during thawing with a focus on
the secondary (b-sheets, a-helix and random coil) and tertiary struc-
tural changes of three different mab formulations. Concentration and
composition of the formulation is varied during the study.
Material and Methods

Sample Preparation

Mab formulations 1, 2 and 3 contain the same concentration of
buffer but different concentrations of protein. Mab formulation 3
contains mannitol as a cryoprotectant.

The protein consisting of a human IgG1 antibody was formulated
in:

� Formulation 1 = 95.2 mg/ml mab in 22.5mM adipic acid buffer
� Formulation 2 = 163 mg/ml mab in 22.5mM adipic acid buffer
gion of a frozen IgG1 mab formulation taken at −40 °C.26



Table 1
Literature assignments for Amide I-III Raman bands. Chemical structures taken from reference24 and assignments taken from references.27-32

Band Position [cm�1] Assignment Structure Structural Characteristics (wavenumbers vary in literature)

Amide I 1650 80% C=O stretch
10% N-H bend
10% N-C stretch

a-helix unorder. + random coil 1620 cm�1

a-helix ordered 1640−1655 cm�1

Antiparallel b-strand 1670−1690 cm�1

Parallel b-strand 1650−1675 cm�1

Amide II 1550 60% d(N-H) bend
and 40% n(N-C) stretch

Parallel and antiparallel b-sheet
(very weak)

Amide III 1300 40% n(N-C) stretch and
30% d(N-H) bend + skeleton stretches

a-helix 1265−1300 cm�1

b-sheet 1229−1235 cm�1

random coil 1243−1253 cm�1
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� Formulation 3 = 164.5 mg/ml mab in 22.5mM adipic acid buffer
and 42 mg/ml mannitol

In order to validate the use of the tyrosine ratio I856/I830 as a
marker of aggregation, we were shaking mab formulation 1 in a ther-
momixer at 2000 rpm at a temperature of 55 °C for 72 hours prior
measurement. The formulation then contains a high number of
aggregates and was analyzed using Raman spectroscopy.

Raman Spectroscopy

The Raman instrument (WITec GmbH, Germany) was equipped
with a monochromatic light source consisting of a green laser with
an excitation wavelength of 532 nm. Before every Raman spectros-
copy measurement, the monochromator of the spectrometer was cal-
ibrated by using the Stokes line of a silicon wafer at 513 cm�1 (at 20 °
C). We used a 10x microscope objective (Olympus MPlan) and a
600 lines/mm grating or alternatively a 40 £ (Zeiss LDPlan-NEO-
FLUAR) and a 50 £ (Olympus LMPanFI) objective. All three objectives
have a high numerical aperture, which means a high light-gathering
ability and resolution.
Table 2
Selected Raman spectroscopy modes of aromatic amino acids in the "fingerprint region". Va
several publications.32,42,43

Amino acid Assignment and wavenumbers [cm�1]

Phe Symmetric breathing mode 1005 cm�1 (a)
In-plane ring C-H bending mode 1030 cm�1 (b)
Also at 620 cm�1, 1584 cm�1 and 1605 cm�1

Trp Symmetric benzene/pyrrole in-phase breathing mode 75
Indole ring vibration with NH bending mode 880 cm�1 (b
Symmetric benzene/pyrrole out-of-phase breathing mod
Pyrrole C2-C3 stretching mode 1550 cm�1 (d)
Also at 1584 cm�1 and between 1340-1360 cm�1

Tyr Symmetric ring breathing mode 640 cm�1 (a)
In plane ring breathing mode 830 cm�1 (b)
Out-of-plane ring bending mode 856 cm�1 (c)
skeletal tyrosine 647 cm�1 and 758 cm�1
Temperature was controlled using the cryostage LTS420 (Linkam
Scientific Instruments, UK) by pumping liquid nitrogen (LN2) into the
chamber.

For sample measurements, a droplet (approximately 1 - 2 ml) was
placed on the glass objective slide and cooled to −80 °C in the cryo-
stage applying cooling and heating rates of 40 °C/min and 20 °C/min.
Before starting the measurement, a visible inspection of the sample
through the microscope allows to find the best possible spot for
measurements in terms of focal point. The CCD (charge-coupled
device) detector consisting of an array of light-sensitive Si-photodio-
des detects the photons, which are plotted as CCD counts against the
wavenumber. For large area scans a certain area in the sample was
selected within the droplet and several single Raman spectra were
recorded within the area.

Data preparation consisted of removing the cosmic rays (filter size
4, dynamic factor 2) and reduction of noise by applying a Savitzky-
Golay filter (also known as DISPO - digital smoothing polynomial-fil-
ter) using the spectroscopic software (WITec Suite Project FOUR 4.1,
WITec GmbH, Germany). Hereby we chose the following filter param-
eters: left 4 points, right 4 points, polynomial function of the second
order, derivative 0. Spectral data of frozen sample were normalized
lence structures taken from Reference.41 Raman spectroscopy shifts are collected from

Structure

5 cm�1 (a)
)
e 1011 cm�1(c)
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against the OH-stretching band of ice at around 3200 cm�1 except for
spectra that were recorded of the aggregated samples.

Differential Scanning Calorimetry (DSC)

Approximately 25-30 mg of mab formulation 1 containing adipic
acid buffer was loaded into an aluminum crucible which was hermet-
ically sealed with a cover lid and transferred to the DSC 8000 device
(Perkin-Elmer, USA). The sample was cooled to −80 °C at a cooling
rate of 60 °C/min, equilibrated for 5 minutes at that temperature and
reheated at 60 °C/min to 5 °C. Prior to the measurements the DSC
instrument was calibrated using the recommended transitions in
cyclopentane, cyclohexane, indium, and adamantane to ensure cor-
rect transformation temperature at subzero temperatures with an
accuracy of §0.5 °C.18

Optical Cryomicroscopy

Images of droplets containing mab formulation1 in emulsion (hal-
ocarbon oil/lanoline emulsion)51 were taken using an optical micro-
scope BX-51 (Olympus Corporation, Japan). The temperature was
controlled by a Linkam cryostage LTS420 (Linkam Scientific Instru-
ments, UK). As a cooling medium liquid nitrogen was used. Sample
was placed on an object glass plate and positioned in the cryo-cham-
ber at ambient temperature. After closing the cryo-chamber the
droplet was cooled to -80 °C at a rate of 5 °C/min and reheated at a
rate of 5 °C/min. Microscopic images were taken by using standard
transmitted light with an ULWD 10x objective (Olympus).

Results

Calorimetric and Optical Information on Glass Transitions and Cold-
Crystallization Events

Calorimetry scans show three thermal events upon heating mab
formulation 1 at 60 °C/min (marked by arrows and circle in Fig. 2,
left) on top of the massive ice melting endotherm. Optical inspection
using the cryomicroscope helps to assign the circled thermal event to
cold-crystallization at around −22 °C. Cold-crystallization refers to a
crystallization event that takes places upon heating. Cold-crystalliza-
tion of mab formulation is seen as a sudden darkening of droplets
Figure 2. Differential Scanning Calorimetry thermogram recorded at a heating rate of 60 °C
emulsion during heating.26
(see areas marked by yellow circles in Fig. 2, right). The two thermal
events marked by arrows are two glass transitions, one at −58 °C and
one at −48 °C, respectively. These temperatures were obtained for
heating rates of 60 °C/min and need to be corrected for thermal lag.
Without thermal lag both Tg’s are lower by about 5 °C.
RAMAN Spectroscopy
Influence of Cooling and Heating Rate on The Secondary Structure of
Mab Formulation 1

Direct cooling to −80 °C at a rate of 40 °C/min results in a change
of secondary mab structure as evidenced in Fig. 3, blue trace. The
marker bands for random coil at 1251 cm�1 and a-helix at
1270 cm�1 and 1635 cm�1 increase (marked by random coil and a in
Fig. 2). Furthermore, also the intensity of the phenylalanine band at
1008 cm�1 increases significantly in comparison to native mab in the
liquid state.52

Reheating to −20 °C at a heating rate of 40 °C/min causes the
a-helix band at 1270 cm�1 to diminish by about 20%, now the protein
shows the typical b-sheet secondary structure at 1243 cm�1 (see
Fig. 3, red trace and dashed vertical lines). Also, the phenylalanine
band at 1008 cm�1 is now much less intense (see dashed vertical
line). Generally speaking, structural changes can be only estimated
roughly by comparing intensities within the same spectra. In this
work results have to be seen as a qualitative comparison rather than
quantitative results. The tyrosine ratio, calculated by the band inten-
sity ratio (856 cm�1)/(830 cm�1), of 1.2 at −20 °C indicates a relative
increase of exposed tyrosine residues (see Fig. 3, grey box and dashed
vertical lines).

Raman spectra after cooling and reheating, both at 20 °C/min, at
various temperatures in the thawing step are shown in Fig. 4. In the
Amide III region (1200 cm�1 ̶ 1280 cm�1) the spectra at −80 °C and
−60 °C show three features. The highest intensity is seen at
1238 cm�1, followed by 1253 cm�1 and 1268 cm�1, representing
b-sheet, random coil and a-helix in order of intensities (see Fig. 4A).
At −50 °C the secondary structure of the protein changes: the random
coil band at 1253 cm�1 diminishes, and the 1268 cm�1 band assigned
to a-helix becomes more prominent, surpassing the previously most
intense b-sheet band. Upon further heating to −40 °C and −30 °C the
band assigned to b-sheet at 1238 cm�1 becomes more intense again,
whereas intensities of random coil and a-helix bands decrease.
/min (left) and microscopy images (right) of droplets containing mab formulation 1 in



Figure 3. (left) Microscope image of mab formulation recorded at −80 °C. The red square indicates the position for the large area scan. (right) Raman spectra recorded at −80 °C
after cooling at 40 °C/min (blue trace) and after reheating to −20 °C at 40 °C/min (red trace). Spectra are averages of 16 single spectra obtained by scanning a selected area (red
square in left image) within the droplet.
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In the Amide I region (1620 cm�1 ̶ 1700 cm�1) a splitting of the
b-sheet band at around 1670 cm�1 at −80 °C, −60 °C and −40 °C is
observed (see Fig. 4B, vertical lines labelled b and b’). Interestingly,
this splitting is absent at −50 °C whereas the intensity of the a-helix
band at 1640 cm�1 increases (see Fig. 4B, vertical lines labelled a)
simultaneously with the disappearance of the splitting. The most
intense band at −50 °C is located at 1673 cm�1, which indicates
b-sheet structures. Upon heating to −40 °C the a-helix band
decreases in intensity and the b-sheet band splits in the same way
seen at −60 °C, one maximum at 1665 cm�1 and one at 1673 cm�1.
On further heating to −30 °C the a-helix band disappears and the
split band merges with a maximum at 1665 cm�1. It stays there up to
0 °C (data not shown). The corresponding tyrosine ratios are shown
in Fig. 4C. At −80 °C the tyrosine intensity ratio is 1, both bands in the
grey shaded area are equally intense. The ratio is display also numeri-
cally in Fig. 4C (value mentioned at the right end for each curve).
After heating to −60 °C the tyrosine ratio increases to 1.7 (spectra is
close to limit-of-detection and there shows a very high single-to
Figure 4. Raman spectra of mab formulation 1 (A) in the Amide III region, (B) Amide I reg
reheating to −30 °C at a rate of 20 °C/min. b and b’ represent anti-parallel and parallel b-she
random coil marker band. (D) Schematic depiction of anti-parallel and parallel b-sheets.
noise-ratio). Upon further heating the protein shows again a tyrosine
ratio of 1 concluding with a final ratio of 1.2 at − 30 °C.

Structural Changes Upon Thawing of The Three Different Mab
Formulations

Raman spectra at various temperatures mab formulation 2 and
mab formulation 3 after cooling to −80 °C at 20 °C/min and stepwise
reheating to −20 °C are shown in Fig. 5 and Fig. 6, respectively.

In mab formulation 2 spectra in the Amide III region (1200 cm�1 ̶
1280 cm�1) recorded at -80 °C show a b-sheet structure with a vague
a-helix (see Fig. 5A). Upon heating a random coil structure becomes
more prominent, especially at −60 °C, and can be seen in spectra up
to −20 °C. In the Amide I region (1620 cm�1 ̶ 1700 cm�1) most of the
spectra show a parallel b-sheet with a small contribution of a-helix
at 1645 cm�1 (see Fig. 5B). Only at the highest temperature of −20 °C
the parallel b-sheet shifts to an antiparallel b-sheet structure. The
tyrosine ratio starts at 1.2 for −80 °C (see Fig. 5C). Upon heating the
ion and (C) tyrosine doublet region after cooling to −80 °C at 20 °C/min and stepwise
et, respectively, a indicates the band assigned to a-helix and * indicates the position of



Figure 5. Raman spectra of mab formulation 2 (A) in the Amide III region, (B) Amide I region and (C) tyrosine doublet region after cooling to −80 °C at 20 °C/min and stepwise
reheating to −20 °C at a rate of 20 °C/min. b and b’ represent anti-parallel and parallel b-sheet, respectively, a indicates the band assigned to a-helix and * indicates the position of
the bands assigned to random coil. Locations of marker bands for a, b, b’ and random coil are indicated by vertical dashed lines.
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ratio stays at 1 for −60 °C, −50 °C, −40 °C and -30 °C. At −20 °C a
small increase of tyrosine ratio to 1.1 can be detected.

Raman spectra of mab formulation 3 containing mannitol feature
b-sheet structures at −80 °C. This can be seen in the Amide III region
(1200 cm�1 ̶ 1280 cm�1) at 1240 cm�1 (see Fig. 6A). Upon heating to
−20 °C the b-sheet structure first changes to random coil and then
reverts to b-sheet. At −50 °C random coil and a small band assigned
to a-helix can be seen. An increase of a-helix structures can be also
seen in the corresponding Amide I region at 1640 cm�1 (1620 cm�1 ̶
1700 cm�1) (see Fig. 6B). The signatures for a-helix fade away upon
heating to higher temperatures. At -20 °C the b-sheet structure has
developed again. This implies that the mab solution is not stable near
-50 °C, but starts to be mobile in the freeze-concentrated solution
that slowly get less viscous upon heating, ultimately leading to trans-
formations of the mab upon heating beyond the glass transition.

Similar observations can be made on the basis of the tyrosine
ratio, where changes are observed even at -60 °C. The tyrosine ratio
Figure 6. Raman spectra of mab formulation 3 (A) in the Amide III region, (B) Amide I reg
reheating to −20 °C at a rate of 20 °C/min. b and b’ represent anti-parallel and parallel b-she
the bands assigned to random coil.
at −80 °C shows a starting value of 1.6 (see Fig. 6C). Upon heating the
ratio decreases to 1 at −60 °C and at −50 °C; increases again to 1.3 at
−40 °C and −30 °C. At a temperature of −20 °C the tyrosine ratio dis-
plays a value of 1. This again demonstrates that the mab solution is
far from immobile and stable upon heating, especially in the temper-
ature range between −60 °C and −20 °C. In this temperature range
the fully frozen solution first experiences decrease of viscosity within
the freeze-concentrated solution, where the solution probably forms
a network of veins threading through the ice crystals. Upon contin-
ued heating this network of veins may experience cold-crystalliza-
tion of veins, again causing changes in concentration and favoring
changes in the protein, especially aggregation. Furthermore, a second
type of freeze-concentrated solution that is homogeneously distrib-
uted over all the ice and interweaved between needles may also be
present. The two types of freeze-concentrated solution form through
macro- and microcryoconcentration, respectively. This second solu-
tion of different concentration experiences its glass transition at a
ion and (C) tyrosine doublet region after cooling to −80 °C at 20 °C/min and stepwise
et, respectively, a indicates the band assigned to a-helix and * indicates the position of



Figure 7. Raman spectra of mab formulation 1 containing a higher number of aggre-
gates during heating from −90 °C to 10 °C in 20 °C-steps (each spectrum was recorded
with an integration time of 200 seconds/3 accumulations).
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somewhat different temperature, so that mab located in the space
between ice crystals rather than in the vein network experiences its
changes at somewhat different temperature. In the end, this implies
that the changes of the mab structure, including change of secondary
structure and aggregation, do not take place at a specific temperature,
but in a broad range that we here see between −60 °C and −20 °C.

Validation of the Use of Tyrosine Intensity Ratio I856/I830 as a Marker of
Mab Aggregation

The tyrosine ratio in the mab formulation 1 that was on purpose
aggregated by heavy shaking at higher temperatures (see Experimen-
tal) confirms its diagnostic quality. The sample cooled directly to
−90 °C was heated in 20 °C steps up to 10 °C and features tyrosine
ratios between 1.2 and 2, higher than the range of 1 to 1.7 in the sam-
ple that was frozen without shaking (see Fig. 7).

Discussion

Influence of Cooling Rate on the Secondary Structure of Mab
Formulation 1

Cooling to −80 °C at rates of 40 °C/min results in structural
changes within the mAb formulation 1 (see Fig. 3). Upon cooling the
native secondary structure of mAb changes from b-sheet in the liquid
state52 to random coil and a-helix as evidenced by an increase of the
Raman bands at 1251 cm�1 for random coil and at 1270 cm�1 and
1635 cm�1 for a-helix (see Fig. 3). By heating to −20 °C the mab rep-
resents a native protein structure, an antiparallel b-sheet structure.
The observation of native structures could be caused by the
devitrification of freeze-concentrated solution at −20 °C (above glass
transition temperature; see Fig. 2) which may give the protein the
mobility necessary to rearrange.

Additionally, the Raman spectrum at −80 °C shows an increase of
the intensity of the phenylalanine band at 1008 cm�1. This indicates
pre-aggregation according to ref.42 An increase of Raman intensity at
1008 cm�1 can be explained by the mab unfolding aromatic side
chains (in this case phenylalanine) which become more exposed to
the buffer solution.53 In previous studies the phenylalanine band at
around 1000 cm�1 is said to be useful marker for storage stability.42

In our experiments, after heating to −20 °C at 40 °C/min the
Raman spectra show a tyrosine ratio of 1.2. In spite of the very fast
heating, much faster than typically employed in pharmaceutical
industry, the time is still sufficient to induce severe changes of the
mab upon thawing. As alluded to above, in the temperature range
between −60 °C and −20 °C two types of fully frozen freeze-concen-
trated solutions slowly turn into the liquids, where also cold-crystal-
lization of the ice in these spots might result in increases of local mab
concentration − thus favoring aggregation. Our results support the
statement that an increase of the phenylalanine band can be used as
an indicator for pre-aggregation.

These changes very much depend on the time available for them
to occur. Thus, the behavior at a cooling and heating rate of 20 °C/
min is quite different. Hereby, only changes of secondary structure in
the Amide I and Amide III region are observed in the range up to
−30 °C. Slight changes in the tyrosine intensity ratio could be noticed
during heating, the ratio in most spectra is calculated to be 1, with
the only significant exception at −60 °C where the ratio increases to
1.4. Compared to the data obtained from cooling mab formulation 1
at 40 °C/min, this freezing protocol seems to have less impact on the
secondary structure. The Amide III region in Fig. 4 shows three bands
at 1238 cm�1, 1253 cm�1 and 1268 cm�1, assigned to b-sheet, ran-
dom coil and a-helix. All three bands are visible in spectra recorded
at −80 °C and −60 °C, in order of decreasing intensity. At −50 °C a sig-
nificant structural rearrangement of mab occurs whereas the confor-
mation of an a-helix becomes most dominant (see Fig. 4).

Upon further heating the band assigned to the a-helix structure
decreases and the protein presents itself in its native secondary struc-
ture, the b-sheet. One of the most prominent changes in the spectra
is the observed splitting of the b-sheet band in the Amide I region.
This feature appears already in the first spectra recorded at −80 °C
after cooling at 20 °C/min. These two bands, one at 1665 cm�1 and
one at 1673 cm�1, are assigned to parallel and antiparallel b-sheets.
Upon heating the splitting indicates that both structures, parallel and
antiparallel b-sheet, are present until reaching −50 °C, where the
mab structure is detected in its antiparallel b-sheet conformation
(see Fig. 4). At −40 °C the protein starts rearranging to b-sheets again,
indicating by the splitting of the band in the Amide I region. At −30 °C
the parallel b-sheet conformation dominates. It is expected that the
mab secondary structure returns back to the native conformation
(antiparallel b-sheets) upon further heating.

In other words, the tyrosine ratio and the Raman marker bands
suggest a transition at −50 °C. According to the calorimetry data this
transition already takes place near the lower-lying glass transition
temperature. Starting from the lower-lying glass transition then
severe changes take place upon heating, where the heating rate and
thus the time available for the changes to occur determine the domi-
nant processes. The mab located in the veins and the mab located
between interweaved ice crystals may change, and additionally cold-
crystallization may cause changes of mab concentration in both
regions. Ultimately, this leads to a complex set of changes in the mab
that very much depends on heating rate in the range between −60°
and −20 °C. At lower temperatures the fully frozen solution is stable,
at higher temperatures the melting of the solution progresses accord-
ing to thermodynamics. In addition to the heating rate also the
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cryoprotectants in the solution play a major role, as summarized in
the next section.

Structural Changes Upon Thawing of the Three Different Mab
Formulations

Qualitative changes in the Amide III and Amide I regions upon
thawing, are summarized in Table 3. For direct comparison of intensi-
ties in spectra see Figs. 4−6. Of all three formulations mab formula-
tion 3 containing mannitol shows the least secondary structural
changes of IgG1. Most notably, fewer a-helices and random coil
structures are observed in mab formulation 3 (see Fig. 6, A and B).

For all mab formulations the majority of structural changes of pro-
tein in formulation occurs between −60 °C and −40 °C. At this tem-
perature range two Tg’s, one at −58 °C and one at −48 °C
respectively, have been detected for mab formulation 1 by DSC (see
Fig. 2). The change of secondary structure at this temperature region
is likely related to the increase of mobility of the protein that is trig-
gered by the decrease of viscosity above Tg’. Furthermore, the change
of secondary structure at around −50 °C is in accordance with what
has been described in literature: hydrated protein shows some kind
of dynamic transition at 220 K.54-61 This dynamic transition at around
−50 °C can also be detected by DSC as a glass transition in the ther-
mogram (see Fig. 2). At −20 °C most of the mab formulations appear
in the native conformation with a tyrosine ratio of approx. 1.

Validation of the Use of Tyrosine Intensity Ratio I856/I830 as a Marker of
Mab Aggregation

Raman measurements of mab formulation with a high number of
aggregates validate the use of the tyrosine intensity ratio I856/I830 as
an indicator for aggregation. The ratio I856/I830 of spectra recorded at
−90 °C, −70 °C, −50 °C, −30 °C, −10 °C and 10 °C are1.5, 1.3, 2, 1.2, 1.5
and 1.3, respectively, in the order of increasing temperature. In the
liquid state (at 10 °C) a tyrosine intensity ratio of 1.3 remains. The detec-
tion of the highest tyrosine intensity ratio at −50 °C may be traced back
to the dynamic transition associated with the possible rearrangement of
the antibody (tyrosine residues become more exposed to the buffer
solution) in the freeze concentrated solution within the droplet.

A decrease of the ratio I856/I830 is an indication for tertiary struc-
tural changes of protein in which tyrosine residues as donors are
more strongly hydrogen bonded to a negative-charge receptor, e.g., a
carboxylate ion.37

Our results demonstrate that the tyrosine intensity ratio I856/I830
in Raman spectra is an excellent marker both for tertiary structural
changes and aggregates.

Conclusion

Raman spectroscopy is shown here to be a highly versatile for
assessing protein structures in the frozen state. Specifically, the
Amide I-III bands in the fingerprint region are demonstrated to be
highly useful to follow secondary and tertiary structure changes in an
IgG1 antibody’s.

Hereby, changes of secondary structure, including a-helix,
b-sheet and random coil, and change of tertiary structure, can be
detected in the frozen solution upon thawing. The latter is accom-
plished by evaluation of the ratio of tyrosine bands at 856 cm�1 and
830 cm�1, as a marker for mab aggregation.

A cooling rate of 40 °C/min results in an increased presence of ran-
dom coil and a -helices within formulation 1 at −80 °C. Reduced
cooling rate to 20 °C/min results in fewer secondary structural
changes at −80 °C.

Upon heating to −20 °C the protein’s secondary structure under-
goes changes in all mab formulation.
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These secondary structural changes can be backtraced to the trespass-
ing of up to two glass transition temperatures of two different types of
freeze-concentrated solution, where the local mab concentrations differ
due to macro- and microcryoconcentration upon freezing and due to
devitrification of these freeze-concentrated solutions at different temper-
atures in the range between −60 °C and −20 °C. Above both Tgs the pro-
tein gains mobility, leading to exposure of certain amino acid residues at
the proteins’ surface to the solvent (e.g., tyrosine) and/or relaxation (from
parallel- to anti-parallel b-sheet). The interplay between the different
types of solution, including cold-crystallization, is very complex depend-
ing very much on details such as initial mab concentration, heating rate
and type of cryoprotectant. By comparing three formulations of the same
mab we demonstrate that the mab formulation containing the least pro-
tein shows the most structural changes, whereas an increase of mab con-
tent leads to less changes upon heating indicating higher stability.

An increase of protein concentration and the addition of mannitol
results in even fewer changes of secondary structure. That is, we rec-
ommend mannitol formulations and slow cooling for the freeze-
thaw cycle of IgG1 solutions to avoid protein aggregation. Even more
importantly, our work demonstrates that Raman spectroscopy is a
powerful method for determining structural changes of protein and
aggregation in the frozen state.
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