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The thermally induced irreversible aggregation of a monoclonal antibody in different pH buffers was
investigated using different techniques such as micro-differential scanning calorimetry (micro-DSC), size
exclusion HPLC (SEC) and isothermal microcalorimetry. The kinetics of aggregation of the protein was
analyzed in terms of a Lumry-Eyring model proceeding via a non-native conformational state. The rate

constants and reaction enthalpies of unfolding and consequent aggregation were obtained by fitting the
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isothermal microcalorimetric and SEC data based on proposed aggregation mechanisms. The consistency
of rate constants obtained via isothermal microcalorimetry and SEC indicates it is possible to deconvolute
the observed microcalorimetry power-time data obtained from thermally induced protein aggregation.

© 20009 Elsevier B.V. All rights reserved.

1. Introduction

Formulation of proteinaceous drugs poses unique challenges
due to the complex physicochemical properties intrinsic to these
macromolecules [1]. For some protein pharmaceuticals, thermally
induced protein aggregation is the dominant degradation route
that could eliminate or reduce their activities [2]. Protein unfold-
ing (denaturation) is generally accepted to be the rate-determining
step in protein aggregation, followed by the quick association of
unfolded protein molecules to form the actual aggregates [3]. Some
proteins such as human interferon-y have been reported to aggre-
gate irreversibly when exposed to low pH or elevated temperatures
[4].

During the last two decades, a number of original papers and
reviews have reported kinetic studies on unfolding and aggregation
mechanisms of different proteins using several techniques includ-
ing size exclusion high performance liquid chromatography (SEC),
micro-differential scanning calorimetry (micro-DSC) and circular
dichroism spectroscopy (CD) [5-7]. Because of the different signal
detection principles of these techniques, often at least two dif-
ferent techniques must be employed to describe the mechanism
completely. The resulting sample collection and instrumental cali-
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bration procedures are labor-intensive. Of these methods, only CD
permits continuous monitoring as reaction time and temperature
are varied.

Thermal activity monitor (TAM), the most frequently used
isothermal microcalorimeter, is widely used for studying chem-
ical reactions (e.g., degradation, drug-exicipient compatibility)
and/or physical processes (e.g., relaxation, crystallization) of
sample substances at a constant temperature [8-10]. Because
of its high sensitivity, continuity of response over time and
labor saving sample preparation characteristics, isothermal
microcalorimetry is a useful tool for studying the mechanism
of reacting systems. Beezer et al. introduced a method to
deconvolute consecutive reaction schemes measured by isother-
mal microcalorimetry that overcomes the non-specific nature of
the technique [8]. These instrumental and theoretical strengths
allow us to choose a novel approach based on calorimetric
methods to determine both kinetic parameters and reaction
enthalpy associated with protein unfolding and consequent
aggregation.

In this paper, we propose a method for the analysis of the kinet-
ics of protein unfolding and aggregation at elevated temperatures
using isothermal microcalorimetry and extend the method for sta-
bility screening of protein formulations. A monoclonal antibody
(Abbott-X) was selected as a model protein. SEC and micro-DSC
were used to describe and further confirm the reaction mechanism
demonstrated by isothermal microcalorimetry.
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2. Experimental
2.1. Materials

The purified human monoclonal antibody (Abbott-X) developed
in Abbott Laboratories to potentially treat T cell-mediated autoim-
mune disease, sepsis and acute or chronic liver disease, was used
in this study. This protein has a molecular weight of ~150kD and a
pl (isoelectric point) value of 8.2. All other materials and reagents
were of analytical grade. The antibody was dissolved in buffers con-
taining 10 mM citric acid and 10 mM phosphoric acid adjusted with
sodium hydroxide to pH 3.4, 5.3, 6.1 or 7.4, respectively. Buffers
commonly used in biologics formulation such as histidine- or Tris-
based systems have high ionization enthalpies, which makes the
buffer pH values susceptible to temperature changes. For this par-
ticular reason, the citrate/phosphate mixed buffer was chosen to
maintain stable pH values over a broad temperature range for the
thermal stability studies [11].

2.2. Thermostability studies

2.2.1. Micro-DSC

Heat flow was measured as a function of temperature of mon-
oclonal antibody samples (7.8 and 29 mg/mL in citrate/phosphate
mixed buffer, respectively) at scanning rates of 0.1-1°C/min using
a micro-differential scanning calorimeter (model Micro-DSC III,
Setaram SAS, Caluire, France) in standard batch vessels. In order
to improve the sensitivity but not to sacrifice the resolution, the
combination of large sample mass (29 mg/mL, 0.1 mL) and slow
heating rate was selected to characterize the thermal denatura-
tion of Abbott-X. When in studying temperature dependence of the
unfolding on the scanning rates, a smaller sample mass (7.8 mg/mL,
0.2 mL) was used. Indium standards were used for temperature and
heat of fusion calibration. The performance of the micro-DSC was
confirmed using naphthalene.

2.2.2. Size exclusion chromatography

Protein samples (29 mg/mL in citrate/phosphate mixed buffers
at various pH values) were incubated for specified periods of time
under controlled temperatures in hermetically sealed glass vials.
Incubated samples were then quenched by 20-fold dilution with
cold citrate/phosphate mixed buffer at the same pH value. SEC was
performed on a Model 1100 HPLC System (Agilent Technologies,
Palo Alto, CA) by injecting 20 wL diluted sample to a Superdex™
200 10/300 GL column with 50 mM Na;HPOg4, 150 mM NacCl, pH 7.0
as the mobile phase at a flow rate of 0.5 mL/min. The column eluent
was monitored at 214 nm. The aggregation of the protein-formation
of dimmers and high order aggregates was described with reference
to the gel filtration standard (Bio-Rad, Hercules, CA).

2.2.3. Thermal activity monitor

All studies employed a thermal activity monitor (TAM model
2277, Thermometric AB, Sweden) consisting of four calorimetric
units (part # 2277-201) and standard amplifiers. Data collection
and analysis were performed using DIGITAM for Windows ver-
sion 4.1 software (Thermometric AB, Sweden). Each channel of the
calorimeter was electrically calibrated with a precision of +0.2%
before starting a series of experiments at a predetermined temper-
ature and during the course of the study. In order to obtain higher
sensitivity, 4 mL stainless steel cylinders were used to contain the
samples. The thermal activity was measured against a reference of
protein-free buffer loaded into identical cylinders. Thermal activity
of protein samples (29 mg/mL in citrate/phosphate mixed buffers at
various pH values, n = 3) was monitored isothermally at 50, 55, 58 or
60°C, respectively. Sample volumes were 350 pwLat 50 °C, 350 L or
200 wLat 55°C; 150 wL at 58 °C and 100 p.L at 60 °C. In general, the
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Fig. 1. Power-time plot for Abbott-X at pH 3.4 at 55°C (blue line: average signal;
black bar: standard deviation, n=3). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

thermal signal is much stronger at higher temperatures since the
reactions occur at higher rates. Since the reaction rates are indepen-
dent of sample mass, in order to save the precious protein material,
a small volume at higher experimental temperatures was used in
the study. Due to the thermal disturbance induced during sample
loading, the thermal signal from the first ~2 h was not included
in the data analysis. The reproducibility of the thermal signal even
with different sample mass was found to be acceptable with a stan-
dard deviation around 8% (n =3), as exemplified by Abbott-X at pH
3.4 at 55°C shown in Fig. 1.

2.2.4. Data analysis

Differential kinetic models described below were fitted to the
data using Scientist® software (Micromath Scientific Software Inc.,
St Louis, MO).

3. Results
3.1. Micro-DSC

Thermal denaturation of Abbott-X buffered at different pH val-
ues was studied by micro-DSC. Typical thermograms of the protein
in the citrate/phosphate buffer, pH 6.1 and pH 3.4, with a scan rate
0.5°C/min are shown in Fig. 2A and B, respectively. The curve for
the protein at pH 6.1 shows two endothermic transitions, one at a
denaturation temperature (T, ) at 70.5 °C with an apparent denatu-
ration enthalpy (AHyn) of about 21.3]/g, and a second Ty, at 82.2°C
with an enthalpy about 1.41 J/g. The presence of two peaks for the
protein at pH 6.1 indicates that at least two domains or two groups
of domains exhibit denaturation under distinct conditions. How-
ever, at a more extreme pH value, pH 3.4, the thermogram of the
protein contains only one endothermic peak characterized by a Ty,
of 66.5°C and apparent AHy, of about 13.4]/g. It can be inferred
from these results that the structure of Abbott-X is highly influ-
enced by the pH. Although more than one T, were observed for
Abbott-X under some pH conditions, the lower temperature T,
(first Ty ) will be defined as the denaturation temperature because
the protein will lose or have reduced activity after the disruption
of the first domain or domain group. Under all of the tested con-
ditions described above, the DSC thermograms were irreversible
based on the observation that the Abbott-X formed gel-like mass
(clearly denatured/aggregated) after the sample was cooled down
to ambient temperature. A larger unfolding enthalpy may imply a
greater degree of intermolecular interaction at pH 6.1 thus requir-
ing greater energy to dissociate. However, given the unspecific
nature of DSC and the irreversible DSC thermograms of Abbott-X
(aggregation immediately upon unfolding), it is difficult to decon-
volute the peak area to separate the unfolding enthalpy from
aggregation enthalpy. Thus, it is reasonable to use the denaturation
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Fig. 2. Micro-DSC thermograms of the monoclonal antibody Abbott-X (29 mg/mL
in citrate phosphate buffer) at pH 6.1 (A) and pH 3.4 (B).

temperatures (data shown in Table 1) to rank order the stability of
Abbott-X in various formulations.

3.2. Size exclusion chromatography

The analysis by SEC demonstrates that aggregation is the major
degradation pathway for Abbott-X in the thermally induced degra-
dation. A typical SEC chromatogram as a function of time for
the protein monomer solution at pH 3.4 and pH 6.1 at 55°C is
shown in Fig. 3A and B. The observed aggregation peak shifts in
the chromatogram over time from right (longer retention time) to
left (shorter retention time), indicating an increase in molecular
weight. Based on the retention times of molecular weight stan-
dards, the Abbott-X aggregates grow from a non-native monomer
to a dimer and eventually to a pentamer. Higher order aggregates
were not able to be observed by SEC because of their low solu-
bility in solution. It was observed visually that the initially clear
and particulate-free samples became progressively hazy and finally
formed gels. The aggregation kinetics of Abbott-X at pH 3.4, 55°C
was demonstrated in Fig. 4.

Table 1

Tm of the monoclonal antibody Abbott-X
(7.8 mg/mL in citrate/phosphate buffer, n=3) at
different pH values measured at a heating rate
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Fig. 3. (A) SEC-HPLC chromatograph showing the time evolution of aggregation
from monomer to dimer and further to pentamer for the protein Abbott-X buffered

at pH 3.4 (A) and pH 6.1 (B) at 55°C.
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Fig. 4. Aggregation kinetic profile for the monoclonal antibody Abbott-X at pH 3.4
at 55°C: squares: experimental data from SEC HPLC; solid black line: fitted line (data
was fitted into Eq. (2), model selection criterion=6.8).
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Fig. 5. Fitted power-time plot for Abbott-X at pH 3.4 at 55°C using Eq. (8). Black
thin line: fitted line; broad yellow line: experimental data from TAM (data was fitted
into Eq. (8), model selection criterion =6.7). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

3.3. Thermal activity monitor

Monitoring thermal activity is a non-specific technique [10]. The
measured signal represents the overall heat absorbed or liberated
in the process. The rate equation to describe the process in terms
of heat flow is [10]:

%:—VZ(AH,-%) (1

where dg/dt is the power signal (WW) and V is the volume of the
sample (mL), AH; is the enthalpy change for the process i (J/g) and
dn;/dt is the rate of process i (g/(mLs)).

In our study, the overall heat flow is the net contribution of
two consecutive reactions, protein unfolding, which is endother-
mic, and aggregation, which is exothermic. One example of the
power-time curves shown in Fig. 5 represents the thermal activity
of Abbott-X at pH 3.4 and 55 °C (experimental data: broad yellow
line). In general, this type of curves monotonically approaches to
the base line (signal zero) from its initiate negative (endothermic)
signal while the protein undergoes the process of unfolding and
aggregation.

A comparison of the slopes of the power-time curves provides
a straightforward way to estimate the stable pH range of protein
formulations. In this case, we used the slopes of the power-time
curves from ty to ts, as shown in Fig. 6 to rank order the rela-
tive stability of Abbott-X at four different pHs. As shown in Fig. 6,
the sample at pH 3.4 clearly displays the sharpest slope, indicat-
ing the worst stability among the four pH conditions. The second
worst is evidently pH 7.4. For samples at pH 5.3 and 6.1, due to
slower reactions (unfolding and aggregation), the resulting ther-
mal change is too small to be differentiated. Therefore, the optimal
pH range for storing the monoclonal antibody is between pH 5 and
pH 6. This is consistent with the stability rank order based on Ty,
from micro-DSC (data shown in Table 1) as well as by the pH sta-
bility profile previously obtained by HPLC (shown in Fig. 7). These
results demonstrate the utility of using TAM as a screen tool to nar-
row down the formulation spaces or conditions. A follow-up study
using more accurate but more time consuming methods (such as
HPLC) can then be conducted to pinpoint the most optimal formu-
lation conditions. By doing so, significant savings in time and cost
can be achieved since the second study can be done in a narrower
range of conditions.
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Fig. 6. Power-time curves of Abbott-X at different pHs at 60 °C. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)

4. Discussion
4.1. The relationship between Ty, and the stability of Abbott-X

The stability of the protein is mainly measured by two types of
techniques: optical and thermal techniques. The first ones include
UV spectrophotometry, fluorescence and circular dichroism. These
methods are sensitive to protein conformation and thus require less
material than the latter ones, thermal techniques such as differ-
ential scanning calorimetry which provides the thermodynamics
of unfolding of proteins. Empirical stability parameters such as
denaturation temperature (T, ) can easily be determined using DSC.
Given a higher sensitivity offered by micro-DSC, the same result
can be obtained from samples at 1/10th the concentration previ-
ously required using conventional DSC. The Ty, is directly related to
protein stability with a higher Ty, indicating greater stability; there-
fore the T, measurement can aid in early formulation development
where optimal stability is desired [9]. For example, the optimal for-
mulation pH range can be determined by comparing the values of
Tm under different pH conditions. The comparison of Tr, of Abbott-
X as a function of pH is shown in Table 1. In this case, Abbott-X
exhibits maximum stability at about pH 6.1 among the four pHs
studied, which is consistent with the results obtained in a previous
study where a gold standard method (HPLC) was used, as shown in
Fig. 7. It also agrees well with the comparison of activation energy
for the denaturation (unfolding) of Abbott-X at different pH val-
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Fig. 7. Potency recovery of Abbott-X after 7 days’ incubation under various condi-
tions.
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Fig. 8. Plots of In(v/T2) versus 1/Tn,: Abbott-X protein buffered at pH 3.4 (A) and
pH 6.1 (B) (n=3).

ues. In general, activation energy for the denaturation of a protein
can be calculated based on the previously established model [12]
as described below. Briefly, T, varies with heating rate (v,°C/min)
according to:

v AR E.

In (ﬂ%) —In (ET) - o )
In Eq. (2), A (min~1) is the Arrhenius frequency factor, E, (k]J/mol)
is the activation energy of unfolding, and R is the gas constant. A
plot of In(v/TZ) versus 1/Ty, should result in a linear line with a
slope of —E,/R, from which E; can be calculated. Such plots were
constructed for Abbott-X at pH 6.1 and pH 3.4 and shown in Fig. 8A
and B, respectively. The irreversible DSC thermograms as well as
their scan-rate dependence can be explained by assuming that the
thermal denaturation of Abbott-X follows the kinetic scheme of N
to D, a pseudo-first-order reaction, where E, is an apparent activa-
tion energy, as given by the Arrhenius equation. The E, values are
calculated to be 419 and 315 kJ/mol at pH 6.1 and 3.4, respectively,
which further indicate that the protein is more easily denatured
at acidic pH values. Many published literatures have reported the
similar thermal denaturation mechanism of their model proteins
such as thermolysin and lysozyme [12,13].

4.2. Protein degradation model for Abbott-X

Several authors have reported that irreversible DSC thermo-
grams could be interpreted in terms of reversible thermodynamics,
provided Ty, is independent of the heating rate [5,14]. However,
we observed that the Ty, of Abbott-X varies directly with the heat-
ing rate (shown in Fig. 8), implying the presence of an irreversible
unfolding transition. In such a transition, the denaturation reaction
scheme can be represented by the Lumry-Eyring model (Scheme 1)
[15,16].

N4 Uk 54

&

Scheme 1.

U+U——> 49

AP+ U —— 4
(n=1) (m

A"+ U—> 4

All)+A<2)_)A(4)

A(i)+A(,f) y AU+D

Scheme 2.

In Scheme 1, N represents the native monomer, U represents the
monomer in non-native conformation and A represents the aggre-
gation state. If the rate of aggregation is much faster than that of
renaturation (k3 > ky ), the non-native molecules will be converted
into aggregates instead of returning to the native state. Therefore,
the transition of denaturation or unfolding (from N to U) appears
as if it follows a first-order process.

4.3. Kinetic analysis of thermal-induced aggregation of Abbott-X

The observed protein aggregation kinetics measured by SEC may
be interpreted as first-order, second-order or the combination of
first and second-order reactions depending on the specific pro-
tein studied [5,15,16]. Roberts et al. developed and described a
kinetic model in which a general reaction mechanism for aggre-
gation through the non-native conformation, U, could be given as
shown in Scheme 2 [16,17] which can be viewed as an extended
version of Lumry-Eyring model described in Scheme 1.

The above aggregation reaction scheme can be mathematically
described as the combination of first- and second-order reaction
expressed as Eq. (3):

dM
o
where M stands for monomer unfolded protein, dM/dt is the rate
of degradation or rate of monomer loss, kagg is the apparent rate
constant for the irreversible dimerization process and the apparent
rate constant k,g; characterizes a subsequent cascade of further
aggregation steps. It is a rate law for monomer loss combining first-
and second-order processes.

As described above, the aggregation of Abbott-X monoclonal
antibody at studied pH values was confirmed by micro-DSC to
follow through the non-native conformation route. This suggests
that reaction Scheme 2 can be used to determine the kinetic
parameters of aggregation for this model protein. The SEC data
obtained for Abbott-X at each temperature was fitted by each model
of first-order, second-order and the reaction Scheme 2 (Eq. (3)),

= —2KkaggM? — kaggtM (3)

N kun N U

AlT

U— Lty y
AH

un

aggl

U+l —m 4

AH o0

Scheme 3.
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Table 2

Rate constants of unfolding and aggregation of monoclonal antibody Abbott-X at pH 3.4 obtained from TAM and SEC.

Temperature (°C)  Estimated kyp Estimated Estimated Kagg1 Estimated A Estimated Kaggo Estimated Kobs1 1/s Kobsz ml/(gs)
1/s (unfolding) AHyn J/g 1/s Hage1J/8 ml/(gs) AHagg J/g (aggregation) (aggregation)
(unfolding) (aggregation) (aggregation) (aggregation) (aggregation)
55 3.56E-5 14.7 5.16E-5 -4.27 0.0096 -55 4.64E-5 0.0077
58 8.06E-5 24.4 1.24E-4 -55 0.0099 -19 1.25E-4 0.0089

Kun, Kagg1, Kagga, AHun, AHagg1, AHaggo were obtained from power-time curve fitting. kobs; and kopso were obtained by SE-HPLC data fitting.

respectively. One of the fitted curves, the total monomer concen-
tration at pH 3.4 over time at 55 °C using Eq. (3) is shown in Fig. 4.
Statistically, the observed thermally induced aggregation kinetics
of Abbott-X can be best described by Scheme 2 (Eq. (3)) after com-
parison of the model selection criterion! for all three fitted models
(3.8 for first-order, 5.4 for second-order and 6.8 for the combination
of first- and second-order).

4.4. Deconvolution of the thermal signal from isothermal
calorimetry

As discussed above, Abbott-X’s unfolding can be described as a
first-order process, while the subsequent aggregation is a combina-
tion of first- and second-order processes. Because of its non-specific
nature, the thermal activity monitor (TAM) measures the overall
thermal activity of Abbott-X under isothermal conditions. With
the knowledge obtained from micro-DSC and SEC, the overall heat
flow monitored by TAM could be deconvoluted and simplified as
Scheme 3.

In Scheme 3, rate constant ky, characterizes the pseudo-first-
order of N to U transition with endothermic AHy,, while rate
constants kage1 and kagey characterize the consequent aggrega-
tion processes with exothermic AH,gs1 and AH,gg), respectively.
Recently, Beezer et al. introduced a method for the determination
of the kinetic parameters and reaction enthalpies of a consecutive
reaction scheme [18]. This method requires a kinetic equation as
a function of heat flow. This can be done if the consecutive reac-
tions are all obeying first-order kinetics as described by the authors.
However, for the consecutive reactions involving second-order or
more complicated order reactions, it is difficult or even impossi-
ble to solve the integrated rate equations. In this study, we used
Scientist software, which allows the users to input the differential
equations directly instead of solving the complicated integrated
equations to calculate the rate constants. The differential calori-
metric equations input into the software that describe the reaction
Scheme 3 are:

Z—I;’ = —kuynN (4)
‘jTLr] = kunN — 2kaggaU? — kagg1U (5)
9 Aaggal? (6)
L 7)
W=-V (AHunZI;] - AHaggZ% — AHagg 11,3(:)) (8)

where Wis the power signal (wWW) and Vis the volume of the sample
(mL), Nis the native monomer (g/mL), Uis the non-native monomer

1 Model selection criterion (MSC): a modified Akaike Information Criterion (AIC),
gives the same rankings between models as the AIC and has been normalized so
that it is independent of the scaling of the data points. More detailed information
regarding can be found in http://www.micromath.com.

(g/mL), A® is the dimer and A(™ represents the aggregates with
higher MW (n=1 in this case).

The fitted power-time plot for Abbott-X at pH 3.4 at 55 °C using
Eq. (8) is represented in Fig. 5 (black thin line) with the model
selection criterion of 6.7, and the fitted rate constants are shown
in Table 2. The rate constants calculated by power-time curve fit-
ting (Eq. (8)) are in a good agreement with those obtained from
SEC data fitting (Scheme 2), demonstrating that the deconvolution
of the power-time curve of thermal-induced protein aggregation
is possible using Eq. (8), therefore, this method can quantitatively
predict the kinetic parameters.

4.5. Approach to protein formulations screening using isothermal
calorimeters

The screening conducted in the calorimeters (DSC and isother-
mal microcalorimetry) allows rapid assessment of the stability of
small molecule pharmaceuticals and active pharmaceutical ingre-
dient (API)-excipient compatibility in formulations [10,19,20]. It is
also possible to use a similar approach to determine the optimal
pH range of macromolecule formulations by determining protein
unfolding and aggregation. The optimal pH range for Abbott-X
was found to be between pH 5 and pH 6 by simply compar-
ing T, and the slope of power-time curves. With knowledge
of the reaction kinetics model, a complete thermodynamic and
kinetic description of a process in solution can be obtained from
power-time curves using isothermal microcalorimetry without
further experimentation [18,21]. In combination with the kinetics
model for Abbott-X’s unfolding and subsequent aggregation deter-
mined using SEC and DSC, the aggregation rate constants could
be obtained by deconvoluting the power-time curve. Because a
large number of proteins follow similar thermal-induced aggrega-
tion pathways, the isothermal approach could also be feasible to
other protein pharmaceuticals with small modification, if needed.
Recently, Beezer et al. described a model free approach which does
not require the knowledge of reaction mechanism, to deconvo-
luting thermal data by using the chemometric analysis [22]. This
approach requires at least 2n+2 repeated experiments to allow
possible data analysis (n is the number of reaction processes). Since
the methodology was established using small organic molecules as
model compounds, it is certainly worth while to explore Beezer’s
model free approach on proteins in the future.

5. Conclusion

Isothermal microcalorimetry has previously been extensively
studied as a tool in monitoring the stability of small molecule
pharmaceuticals and determining excipient compatibility in for-
mulation development of small molecules. We have demonstrated
that this same technique may be used for the same purpose with
application to protein pharmaceuticals. A developmental mono-
clonal antibody, Abbott-X, was selected as a model protein to
test the feasibility of this technique. We found that it is possible
to deconvolute the observed power-time (TAM) data of protein
degradation so that the detailed kinetic parameters can be obtained
directly from TAM data without using labor-intensive SEC to obtain
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concentration versus time data. In addition, the stability rank order
of different protein formulations can be readily predicted by com-
paring the slopes of power-time curves. The work presented here
shows that a rapid TAM-based approach is feasible and has the
potential to be applied as a screening method for protein pharma-
ceutical stability at early development stages.
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