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Abstract Proteins are used as drugs against different pathol-
ogies because of their potential specificity of action with fewer
side effects. However, their production and successful storage
imposes a greater challenge compared to small molecule
drugs. Though the determination of protein thermal stability
is commonly used to find the optimum storage conditions for
biopharmaceuticals, a multi-technique approach should be
applied more often when investigating complex systems to
understand the structure of the species that contribute to the
different transitions, thereby gaining insight about the process-
es of both unfolding and aggregation. This knowledge is
crucial for identifying those conformational changes which
are likely to lead to aggregation/degradation allowing a more
rational approach to biopharmaceutical production and formu-
lation. This is particularly important in the case of multi-

domain proteins, such as IgGs, which can undergo multiple
transitions due to independent unfolding of the domains. In
this work, we have followed the thermal denaturation of a
monoclonal antibody by using different biophysical tech-
niques with complementary strengths, providing an example
of how the information gathered suggests a way to intervene
to stabilise the wanted conformation (monomeric protein).
Indeed, in this particular case, an optimisation of storage
conditions based on only thermal stability studies would have
led to the stabilisation of an undesired product, a population of
low molecular weight oligomers.

Keywords Protein aggregation . DSC . FTIR . Circular
dichroism . Fluorescence spectroscopy . DLS

Introduction

Monoclonal antibodies (mAbs) represent a class of
multi-domain proteins that constitute a relevant fraction
of biopharmaceutical products, both on the market or
under development. A big effort is put into finding the
most suitable set of buffers and additives that preserve
the protein in its native conformation, especially at the
early stages of development, to minimise failure [1, 2].
In general, proteins are dynamic molecules whose sta-
bility in solution can be compromised during production
or prolonged storage, resulting in misfolding and im-
paired quality of the protein product [3–6]. A common
outcome of these events is protein aggregation that can
affect the stability and activity of biopharmaceutical
products and can cause adverse immunogenic reactions
[7–10].

Aggregation can follow different pathways. In general,
single-domain proteins can interact in their native conforma-
tion (N) forming native-like oligomers (Ni), or aggregation
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can arise from interactions between unfolded proteins (U)
resulting in the formation of amorphous aggregates (Ui) [11,
12].

N↔I↔U
↑↓ ↓ ↓
Ni Ii Ui

The scenario is further complicated in the case of multi-
domain proteins due to the possibility of independent
unfolding of the domains and to their different sensitivity to
environmental factors, such as pH and buffer composition.
This has indeed been observed for IgG whereby the Fab and Fc
domains unfold independently [13–17].

In general, an increase in the thermodynamic stability of
the protein will decrease the fractional population of partially
folded species, which, in the majority of cases, are responsible
for aggregation [18]. Though it has been recognised that the
temperature denaturation curve (Tm) value alone is not always
correlated to the product shelf life, these values, optimised
under different conditions, are often used to choose the final
formulation buffer and excipients for biopharmaceuticals [12,
18–21].

In this regard, differential scanning calorimetry (DSC)
appears to be the technique of choice for the determination
of the thermodynamic stability of multi-domain proteins being
invaluable for gaining an insight into the energetics of the
unfolding of the different domains [22, 23]. However, any
information on more specific events of protein unfolding such
as conformational changes are complex to address by DSC.
Indeed, care should be taken when considering the Tm values
alone in formulation studies due to the possibility that an
increase in Tm reflects the stabilisation of oligomeric species
rather than of the monomeric protein. Therefore, attention has
to be paid to monitor the structure of the species along the
unfolding pathway and in providing information on how these
affect protein stability and aggregation.

One approach to achieve a deeper insight and consequently
gain a better understanding of the factors underlying protein
stability and aggregation is the orthogonal use of different
biophysical techniques. This proves to be essential in provid-
ing a rationale and time-effective approach to optimise bio-
pharmaceutical production and formulation [4–6, 24–28].

Spectroscopic techniques, such as far-UV circular dichro-
ism (far-UV CD) and Fourier transform infrared (FTIR) spec-
troscopy, are very useful in gaining insight about the popula-
tion averaged secondary structure. Their complementarity
resides in the fact that the working concentration range is
different and that CD is more sensitive to the α-helix content,
while FTIR is more sensitive to the amount ofβ-sheet present.
Near-UV CD and fluorescence spectroscopy can be employed
in a complementary way to investigate the rigidity and the

environment of the aromatic amino acids, disulphide linkages
and other chromophoric moieties present. High-performance
liquid chromatography-size exclusion chromatography
(HPLC-SEC) and dynamic light scattering (DLS) can be used
in an orthogonal way to determine the aggregation state of the
protein of interest. HPLC-SEC is the most common method
used to detect and quantify low molecular weight (LMW)
oligomers in a protein solution, but its main drawback is that
the sample is not measured at equilibrium. DLS, on the other
hand, is a batch technique, where there is no separation of the
mixture prior to analysis, and it is sensitive to very small
amounts of large aggregates in solution and to sample hetero-
geneity (Table 1).

Experimental

The mAb used in this work is an IgG1 formulated at 81 mg/
mL in 50 mM citrate, 200 mMNaCl, at pH 5.5 (CBS). All the
buffers and chemical used were supplied, at the highest purity
available, by Sigma-Aldrich. The protein content was deter-
mined using the value of 1.49 for the absorption of a 1-mg/mL
solution in a 1-cm cell, on a Lambda-850 UV-Vis spectropho-
tometer (Perkin Elmer).

HPLC-SEC Chromatographic analysis was carried out on a
JASCOHPLCwith PU2080 Plus pumps equippedwith a UV-
Vis PDA detector (MD2010 Plus). The samples were separat-
ed, at 20 °C, on a TSK-G3000SWXL column (7.8 mm i.d.×
30 cm, 5 μm particle size; Tosoh Bioscience) fitted with a
precolumn. The isocratic elution was carried out by injecting
50 μL of a 5-mg/mL IgG solution. The flow rate was set at
0.5 mL/min, and CBS was used as the running buffer to
minimise changes in the environment that could affect the
aggregate distribution of the IgG [26]. SEC-DLS measure-
ments were carried out using the Malvern Zetasizer Nano
equipped with a custom-supplied flow cell and with a special
flow-mode operating procedure to allow the measurement of
the sample eluting from the column. Correlograms were re-
corded every 3 s. The column was calibrated using the high
molecular weight (HMW) standard kit from Pharmacia ac-
cording to the instructions provided.

Far and near-UV circular dichroism spectra CD spectra were
obtained on a J810 spectrophotometer equipped with a
PTC423S thermocouple (JASCO). For far-UV CD measure-
ments, the buffer was exchanged to 50 mM phosphate buffer,
pH 7, because of the high absorbance of CBS in the far-UV
region (ESM Fig. S1). To monitor the unfolding spectra, six
accumulations (50 nm/min scan speed, 0.5 nm data pitch, 1 s
response time and 1 nm bandwidth) of a 1-mg/mL protein
solution, in a 0.01-cm demountable rectangular quartz Cuvette
(Hellma) were acquired at different temperatures. The
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temperature was increased with a 2 °C/min gradient (3 min of
equilibration time). For Near-UV CD measurements, protein
solutions at 1 and 81 mg/mL were used, and the spectra were
acquired, respectively, in a 0.5- or 0.01-cm path length rect-
angular quartz cuvette (Hellma) (six accumulations, 20 nm/
min scan speed, 0.2 nm data pitch, 1 s response time and 1 nm
bandwidth). During the temperature denaturation experi-
ments, the signal at 273 nm was followed in the 5–75 °C
range with a data pitch of 1 °C (360 s of delay time) and a
temperature gradient of 1 °C/min. The spectra at different
temperatures have been corrected by the thermal expansion.

FTIR-ATR Spectra were collected using Tensor-37 FTIR spec-
trophotometer, Bruker Optics, with a thermostated BioATR II
unit and liquid nitrogen-cooled photovoltaic MCT detector.
OPUS software was used for data acquisition. So as to ame-
liorate artefacts that can arise when using an ATR unit, due to
interactions of the protein with the unit surface, for the tem-
perature denaturation experiments, the samples were equili-
brated for 5 min at the target temperature in a dry block. Small

aliquots were then transferred to the ATR unit, equilibrated at
the same temperature, for the measurements. The spectra (128
scans, 4 cm−1 resolution) were recorded, and the contribution
from atmospheric gases was eliminated using an algorithm
provided by the OPUS software. The water subtraction was
carried out taking into consideration the combination band of
water, centred at 2,125 cm−1, and by flattening the region from
1,906 to 1,740 cm−1 [29]. The FTIR spectra of the gel samples
were obtained on the pellet after centrifugation by using the
supernatants obtained after centrifugation as blanks to elimi-
nate any contribution from soluble protein still in the solution.

Fluorescence Tryptophan fluorescence was measured with a
LS55 (Perkin Elmer) at 25 °C using a 1-cm quartz cuvette
(Hellma) and 0.1 mg/mL of protein solution. To selectively
excite the tryptophan, an excitation wavelength of 295 nm
(2.5 nm exCitation slit) was used. The spectra were acquired
from 300 to 400 nm (emission slit 6 nm) and subtracted with
the corresponding buffer blank. For the temperature denatur-
ation experiments, a temperature gradient of 1 °C/min was

Table 1 Summary of the techniques used to detect conformational changes upon thermal denaturation

Technique summary

Far-UV CD Changes in secondary structure Signature characteristic of the overall secondary structure

Determination of thermal stability and reversibility

Effects of solution conditions and excipients on overall secondary structure

Performed under native conditions and in thermodynamic equilibrium

FTIR-ATR Secondary structure information

Sensitive to intermolecular β-sheet aggregation

Can be less discriminating than Far-UV CD

Performed under native conditions and in thermodynamic equilibrium

Good for high-concentration protein solutions

Protein binding to ATR crystal can affect result

Water gives confounding signals

Near-UV CD Changes in tertiary packing Detect changes in tertiary structure and environment around aromatic residues

Detect changes in disulphide bridges

Used as fingerprint

Tryptophan fluorescence Information about the accessibility of Trp(s) to the solvent

DLS Changes in aggregation state Sensitive detection of large aggregates and sample heterogeneity

Performed under native conditions and in thermodynamic equilibrium

Does not resolve low molecular weight oligomers (in batch mode)

SEC-UV Aggregate amount (quantitative)

Molecular weight (qualitative)

Sample dilution, filtration and possible interaction with matrix

Change of solution conditions with possible changes in equilibrium population

High salt concentration may create new aggregates

Temperature denaturation and aggregation of a multi-domain protein (IgG1) 6579



used with a 5-min equilibration time at the target temperature
before measurement.

Dynamic light scattering DLSmeasurements were carried out
on a Zetasizer Nano, Malvern Instruments. The IgG solutions
were at 81mg/mL or diluted to 1 mg/mL in CBS. No filtration
of the sample was carried out before the measurements so as
not to affect the aggregate population. The data were analysed
using the manufacturer’s Dispersion Technology Software,
looking at both the cumulant (single exponential—[30]) and
multimodal (multi-exponential-Malvern, DTS algorithm)
analysis. For the temperature denaturation experiments, the
samples were heated with steps of 5 °C between 25 and 65 °C
and 1 °C between 65 and 80 °C using the inbuilt Peltier
temperature control, with 5 min of equilibration time, and
three sub-runs were measured at each temperature. The mea-
surements were carried out in triplicates over different days.
Wherever error bars are reported, these are the standard devi-
ation between days (between the averages of the sub-runs on
the same day). The onset of the increase in the derived count
rate (kcps) was taken as aggregation temperature [31]. Be-
cause the sample, at both concentrations tested, aggregates at
73 °C, we have expressed the changes in the different param-
eters taking 72 °C as the final temperature:

%Total Change ¼ YX oC−Y 25oCð Þ � 100

Y 72oC−Y 25oCð Þ

Differential scanning calorimetry The experiments were car-
ried out on a DSCQ2000 instrument from TA Instruments.
The samples (duplicate measurements) of the IgG1 at 81 mg/
mL in CBS were placed in sealed aluminium crucibles along
with the CBS as the reference sample. The heating rate was of
1 °C/min. The data were analysed using the TA Universal
Analysis software.

Results and discussion

Characterisation of the unstressed IgG At first, we have
characterised the unstressed IgG by measuring its average
secondary structure, its tertiary packing and aggregation state.

The far-UV CD spectrum (Electronic Supplementary Ma-
terial (ESM) Fig. S2, black line), with its negativemaximum at
∼217–218 nm, indicates intramolecular β-sheets as the most
abundant secondary structure, as expected for an IgG. The
FTIR-ATR spectrum (ESM Fig. S3) has the typical signature
of β-sheet proteins with the amide I second derivative spec-
trum presenting two main bands, respectively at 1,636 and
1,690 cm−1, a shoulder at∼1,672 cm−1 likely assigned to turns.

As expected, the near-UV CD has the same shape as other
IgG spectra reported elsewhere [26] with bands at a wave-
length above 285 nm indicative of Trp residues placed in a
particular environment and bands around 265 and 270 nm
which could be assigned to Phe and Tyr transitions (ESM
Fig. S4). The fluorescence spectrum (ESM Fig. S5) presents
two shoulders, one close to 335 nm and the other around
346 nm. This is normal for a multi-tryptophan protein where
there are contributions to the spectrum from tryptophans
experiencing different protein environments [32]. In this case,
the two bands are indicative of the presence of two Trp pop-
ulations with the one, presenting fluorescence intensity maxi-
mum at lower wavelengths, more buried into the protein core.

The HPLC-SEC chromatogram shows the presence of
∼2 % aggregates in the unstressed sample (ESM Fig. S6).
The hydrodynamic diameter (dH) of the non-stressed IgG was
determined by DLS. Overall, the hydrodynamic diameters
obtained, with the corresponding values of PdI (0.07), are
indicative of mainly monomeric species in solution, which is
in agreement with those obtained from HPLC-SEC.

Structural changes and aggregation upon thermal
denaturation DSC experiments were performed by using the
IgG as formulated (81 mg/mL). The thermogram in Fig. 1
shows a transition with Tm=76.5 °C and a shoulder at lower
temperatures that indicates a process with an onset at around
63 °C. At the end of the scan, the protein was irreversibly
aggregated as evident by the formation of an insoluble, gel-
like material in the crucible.

The presence of two transitions, previously observed for
some other IgGs [13–17], is thought to derive from the inde-
pendent unfolding of the IgG domains. It is reasonable, there-
fore, to assign the shoulder to a first, unresolved transition,
followed by another transition with a higher Tm and larger
experimental enthalpy. Because of the overlap of the two tran-
sitions, it was not possible to derive thermodynamic parameters.
One possible explanation for the lack of resolution between the
two transitions, already observed before for IgGs, could be due
to the different sensitivity of the IgG domains toward changes in
temperature [15]. Further experiments are necessary to give
more insights into the nature of these two transitions.

Changes in the secondary structure upon thermal
denaturation The far-UV CD spectra show minor changes
until 75 °C (ESM Fig. S2). At this temperature, there is an
increase in the scattering and the antibody starts to aggregate
and precipitates, forming a gel.

The FTIR spectra do not show any major changes in the
position of the main peak (1,636 cm−1) over the complete
temperature range, but minor changes can be observed in two
areas of the amide I band: around 1,672 cm−1 and around
1,623 cm−1 (Fig. 2a). Changes occurring around 1,623 cm−1

can be indicative of an increase of the fraction of
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intermolecular (as opposed to intramolecular) β-sheets.
Therefore, we have followed the variation of the ratio between
the absorbance at 1,623 and 1,636 cm−1 (Fig. 2b). No changes
are observed until the onset of the aggregation (72–73 °C).

Both the FTIR and the far-UVCD data suggest that the first
transition, observed in the DSC experiment, with an onset
temperature around 63 °C does not reflect an unfolding of
the secondary structure.

Changes in the ter t iary pack ing upon thermal
denaturation The near-UV CD is sensitive to small changes
in the tertiary packing. The measured near-UV CD of aromatic
amino acid residues with freedom of motion, as in our case
(Fig. 3a, black line), is typically only of small magnitude
compared to that possible when rigidly held. Nonetheless, the
denaturation curve (Fig. 3b) and the spectra (Fig. 3a) at different
temperatures and the denaturation curve (Fig. 3b) show a
decrease of differential absorption measurement CDmagnitude
at 273 nm after 60 °C. This decrease in signal indicates a
probable further loss in the rigidity of the aromatic amino acid
environment. The melt was stopped at 74 °C because at this
temperature, the sample formed a gel-like aggregate.

The major differences are observed for the bands at 260–
270 nm, while the bands at higher wavelengths (>285 nm) are
not markedly affected by the increase in temperature.

Signals in the region below 285 nm arise mainly from both
Phe (250–270 nm) and Tyr (270–290 nm). Between 25 and
62 °C, there are only minor changes in the tyrosine regions
that could be due to the instrumental noise. The spectra at 64
and 65 °C, instead, present visible differences from the spec-
trum at 25 °C.

In the Phe region (Fig. 3a), the signal decreases, most likely
indicating a loss in the rigidity of the environment of this
amino acid (unfolding), and this temperature corresponds to
the first transition observed in the DSC experiment. Minor
changes are also present at λ>285 nm. In this region, there is a
change in the spectrum, but not a decrease in signal intensity,

which is consistent with a change in the Trp environment that
does not result in a substantial loss of rigidity. The further
increase of temperature above 65 °C does not result in any
change in the near-UV CD spectrum. After 70 °C, the sample
starts to aggregate leading to a concomitant increase in the
absorbance (Fig. 3c).

Fluorescence measurements were done at a concentra-
tion of 0.1 mg/mL. At this concentration, no visible aggre-
gation is observed at 75 °C (end of the melt). In the case of
a multi-tryptophan protein such as an IgG, Trp populations
in different environments will contribute differently to the
spectrum, and therefore the intensity, upon unfolding, can
either decrease or increase. In our case, the intensity for the

Fig. 1 DSC thermogram of the IgG (81 mg/mL, CBS). Heating rate
1 °C/min

Fig. 2 a Second derivative (Savitzky-Golay 20 point smoothing) of the
FTIR spectra acquired at different temperatures of the IgG at 81mg/mL in
CBS. T=25 °C (black line), T=65 °C (red dashes) and T=75 °C (blue
dashes). b Changes in the ratio of the FTIR absorbance at 1,623 and
1,636 cm−1 with temperature. The data points were fitted with a sigmoidal
function (Boltzmann) only for explanatory purposes

Temperature denaturation and aggregation of a multi-domain protein (IgG1) 6581



fluorescence signal decreases until 60 °C and then in-
creases (Fig. 4a). This could be due to the removal, upon
unfolding, of the quenching due to groups that are close to
the Trp in the folded structure [25, 32]. Because of the
presence of two shoulders in the fluorescence spectrum,
indicative of the presence of two tryptophan populations
experiencing different environments, to follow the shift in
λmax, we have expressed the changes as the ratio between
the intensity at 330 and 350 nm (Fig. 4c). The rationale
behind this choice is that the ratio between these two
intensities is proportional to the relative fraction of “more
exposed tryptophans” (max at higher wavelengths) versus
“more buried tryptophans” (max at lower wavelengths) at
the stated temperature. The first changes start to occur
between 60 and 65 °C, as in the case of the near-UV CD
spectra, with a shift in the λmax position that indicates an
overall increase in the polarity of the environment of the
tryptophan residues (Fig. 4b).

Overall, these results suggest that the first transition, oc-
curring before 65 °C, involves a loss of rigidity in the phenyl-
alanine and tyrosine regions and a change in the polarity of the
environment of the tryptophans. Depending on the IgG con-
centration, irreversible aggregation occurs around the temper-
ature of the onset of the second transition.

Changes in the aggregation state upon thermal
denaturation One of the drawbacks when using multiple
techniques is the need to dilute the sample to be in the
technique dynamic range. So, while the sample was forming
irreversible, gel-like aggregates when the thermal stability was
measured at 1 mg/mL or higher, the sample used for fluores-
cence measurements (0.1 mg/mL) does not form visible ag-
gregates up to 75 °C. The concentration dependence of the
onset of the aggregation is expected, because aggregation,
being a higher-order process, depends upon protein
concentration.

To correlate the changes, observed with the previous
techniques, with changes in the association state, we
have measured the concentration dependence of the
aggregation temperature (Tagg) by DLS at 1 and
81 mg/mL.

As expected, the higher the concentration, the earlier
the onset of the formation of soluble aggregates, Tagg
(Fig. 5—around 65 °C for the 81-mg/mL solution and
72 °C for the solution at 1 mg/mL) and, on average, the
greater the relative size of the aggregates at the same
temperature (ESM Fig. S7). The correlograms were
analysed both with a single exponential function (Zave)
and with a multimodal distribution, but no differences
were observed by using the two methods (ESM
Fig. S8).

Upon further temperature increase, the sample forms insol-
uble gel-like aggregates. This temperature can be deduced

Fig. 3 a Near-UV CD spectra at 25 °C (black) and at 72 °C (red) (IgG at
1 mg/mL in CBS, l=0.5 cm). Other spectra at intermediate temperatures
are shown in between: 60 °C (green), 62 °C (violet), 64 °C (orange) and
65 °C (blue). b Near-UV CD (ΔAU) changes upon temperature incuba-
tion followed at 273 nm. c Absorbance at 273 nm recorded by the
instrument during data acquisition. An increase in the absorbance value
is indicative of an increase in scattering linked to aggregation
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from the sudden change in the correlograms between 72 and
73 °C (ESM Fig. S9) and by the sudden increase of

polydispersity index (Fig. 6). It should be noted that the
gelation temperature (formation of irreversible and insoluble
aggregates) is the same for both the concentrations and that it
occurs at a temperature close to the second transition temper-
ature observed by DSC.

The PdI increases with temperature for both the sam-
ples, but to a different extent (Fig. 6). The 1-mg/mL
solution remains relatively monodisperse (PdI<0.2 with
a good standard deviation between replicates) below
65 °C. Above this temperature, there is the formation
of higher molecular weight species up to the onset of
the irreversible aggregation at 72 °C. The 81-mg/mL
solution presents, instead, a steady increase in the PdI
at 65 and 67 °C, where the PdI reaches a plateau until
the onset of the irreversible aggregation at 72 °C.

Structure of the irreversible aggregate At around 72–73 °C,
the IgG undergoes irreversible aggregation, forming a white

Fig. 4 Variation of the a intrinsic fluorescence intensity and b normalised
intensity with the temperature (IgG at 0.1 mg/mL in CBS). T=25 °C
(black), T=50 °C (red), T=60 °C (green), T=65 °C (blue), T=70 °C
(cyan), and T=75 °C (magenta). c Thermal denaturation followed by the
intensity ratio F350 nm/F330 nm

Fig. 5 DLS measurements reporting the variation in the scattered inten-
sity with increasing temperature of a 81 mg/mL and b 1 mg/mL of IgG
solutions in CBS

Temperature denaturation and aggregation of a multi-domain protein (IgG1) 6583



gel. The “gel-solid” spectra were determined by subtracting,
from the spectra of the gel as a whole, the contribution of the
soluble species (see “Experimental” section).

The FTIR spectra of the gel present a shift in the peak
position of the amide I band from 1,636 toward 1,623 cm−1, a
value that is indicative of the formation of intermolecular β-
sheet structures (Fig. 7).

Conclusions

Thermal denaturation ofmulti-domain proteins often results in
the formation of irreversible aggregates, which are likely to
proceed from partially unfolded conformations with hydro-
phobic patches exposed in a regular array [11]. The increase in
temperature affects the aggregation process in different ways.
First of all, it determines an increase in the frequency of the
collisions of these partially unfolded, aggregation-prone inter-
mediates, increasing the likelihood of the association events.
Moreover, the strength of the hydrophobic interactions, which
are mainly responsible for aggregate formation, increases with
temperature [5]. Finally, protein flexibility is enhanced, and
this translates into an increase in the frequency of breakage
and reformation of hydrogen bonds. This can lead to the
formation of intermolecular bonds instead of intramolecular
ones, leading to aggregation [33].

Our data suggests that, for this particular IgG, aggre-
gation occurs between intermediates that have partially
lost their tertiary structure but retain their secondary struc-
ture. In particular, the DSC thermogram shows the pres-
ence of two transitions due, very likely, to the unfolding
of different domains. Of these two transitions, only the
second one leads to irreversible aggregation, whereas the
first one leads to the formation of soluble oligomers, as
demonstrated by the DLS experiments.

The formation of soluble oligomers follows the partial
unfolding of the IgG tertiary structure and depends on the
amount of unfolded species in solution (the higher the protein
concentration, the earlier the onset of the formation of the
soluble oligomers).

The irreversible aggregation process (that is, the formation
of intermolecular β-sheet structure and gelation), instead,
depends on both the unfolding of the other IgG domains
(second transition observed in the DSC thermogram) and on
the presence of a critical concentration of soluble oligomers
which seems to act as nuclei for the process. This would
explain why the gelation temperature is the same for the 1-
and 81-mg/mL (in both cases, there is a minimum population
of oligomers in solution at the onset of the second transition),
but no irreversible precipitation was observed for the 0.1-mg/
mL sample (Table 2). In this case, though the shift in the λmax

indicates an increase of Trp exposure to the solvent, and
therefore unfolding, no gelation occurs at 72 °C. This suggests
that, at the concentrations used for fluorescence experiments,
the critical concentration of nuclei is not reached.

Fig. 7 FTIR-ATR spectra (normalised) (a) and second derivative spectra
(b) for the IgG solution and the gel obtained after melt

Fig. 6 PdI changes with increasing temperature. IgG solutions in CBS at
1 mg/mL (black) and 81 mg/mL (grey)
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At the onset of the second transition, leading to irreversible
aggregation, the changes in the near-UV CD region are com-
pleted. These changes involvemainly the Phe and Tyr regions,
while in the Trp regions, small changes and no loss of signal
can be seen. Therefore, the formation of soluble oligomers
follows the partial “loosening” of the tertiary structure. In this
process, the tryptophans do not experience a dramatic change
in the rigidity of their environment (e.g. unfolding), and upon
further heating, they are locked in a partially folded confor-
mation in the aggregate. This can determine a different Trp
environment from the native state and would explain the
differences observed in the Trp region of the near-UV CD
spectra where a change in the spectrum, but not a decrease of
signal is observed. This is also consistent with the increase in
λmax in the fluorescence upon temperature increase.

Overall, these data suggests that the unfolding of the first
domain results in the formation of soluble oligomers, whereas
the unfolding of the second domain causes the locking of
these preformed nuclei in intermolecularly bonded β-sheet
irreversible aggregates. Therefore, we can describe the
unfolding process in the following way (where the subscripts
1 and 2 refer to two different domains):

N1N2⇔ U1N2

nU1N2⇔ U1N2ð Þn solubleð Þ→ U1U2ð Þn insolubleð Þor U1N2ð Þn insolubleð Þ

The unfolding of the first domain (N1→U1) determines the
exposure of hydrophobic patches that can interact intermolec-
ularly in a native-like way (no changes in far-UV CD and
FTIR—nU1N2→(U1N2)n).

When the concentration of these intermediates is high
enough, a further increase of temperature could cause the
unfolding of the other domain (N2→U2). Though we cannot
infer from our data if this last step occurs or not, our experi-
ments suggest that the irreversible aggregation occurs through
the association of the preformed nuclei ((U1U2)n (insoluble) or
(U1N2)n (insoluble)), leading to the formation of intermolecular
β-sheet aggregates.

Therefore, the destabilisation of the soluble oligomers can
be a strategy to increase the stability of this IgG solution.
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