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ABSTRACT
Biopharmaceuticals are complex molecules with a variety of functional 
groups that are susceptible to instability through different degradation 
pathways. Protein degradation may arise as a result of exposure to 
different environmental changes and stresses throughout the product 
lifecycle. Molecular variants arising during manufacture and/or storage 
may not have properties comparable to those of the desired product with 
respect to their activity, efficacy, and most importantly, safety. Therefore, 
it is crucial to set up analytical workflows to understand the intrinsic 
biochemical and physical stability of these molecules and predict the risk of 
degradants formation. This paper describes the application of biophysical 
stability parameters that measure solution-mediated interactions and 
key structural characteristics of model proteins that will enable a fast 
assessment of conformational and colloidal stability of biopharmaceuticals.

JOANA S. CRISTÓVÃO AND SALOMÉ NETO

D elivery of therapeutic pro-
teins presents benefits over 
traditional small-molecule 
pharmaceutical drugs, such 

as increased potency and increased target 
specificity, that result in fewer off-target 
effects and associated toxicities. However, 
protein-based products have a highly intri-
cate tridimensional structure and com-
plex degradation pathways, including both 
chemical degradation and physical insta-
bility, resulting in significant challenges 
during product and process development. 
Several factors of the manufacturing pro-
cess of biopharmaceuticals can involve 
exposure of protein to stress conditions 
that decrease protein stability and poten-
tial ly increase the amount of protein 
aggregates (Figure 1). One of the goals 
of drug product process development is 
to identify and limit possible degradation 
pathways to enable a safe and efficacious 

usage with a viable shelf life. Analytical 
tools that predict and differentiate for-
mulations are highly desirable to identity 
potential liabilities and possible technical 
challenges associated with protein confor-
mational and colloidal stability.

The level of chemical and physical sta-
bility of a protein in a formulation is deter-
mined by several factors, such as amino 
acid sequence, protein folding, and amino 
acid surface solvent exposure. However, 
proteins are only marginally stable in their 
folded states, as partially folded interme-
diates and unfolded states can lead to pro-
tein aggregation (1). The folding process 
involves favorable interactions between 
distant residues in the primary sequence, 
resulting in native-like conformers with 
lower Gibbs free energy. This process 
involves a favorable enthalpy (due to the 
establishment of intramolecular interac-
tions) and a decrease in configurational 
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entropy (caused by the increase in pol-
ypeptide organization and decrease 
in number of conformers and move-
ment of atoms within each conformer). 
Conformational changes are needed 
for the initiation of protein aggrega-
tion, allowing the exposure of a cer-
tain sequence of amino acids, called 
aggregation-prone regions, that will 
generate stable interprotein contacts. 
The formation of protein aggregates 

during the manufacturing process and 
upon long-term storage of the drug 
product is a critical quality attribute 
because it can reduce drug potency 
and potentially induce immunogenic-
ity. Consequently, aggregation pro-
pensity of drug candidates is a critical 
parameter to monitor. 

Addition of stabilizing excipients 
to the formulation can shield protein 
tridimensional structure and conse-

quently prevent the formation of 
degradants and/or prevent protein 
aggregation. Protein unfolding and 
aggregation pathways are highly com-
plex and protein-dependent processes 
with several variants that can pro-
mote these types of events. The ten-
dency of a protein to aggregate likely 
depends on its conformational and 
colloidal stabilities. Conformational 
stability results from the thermody-
namics of protein folding and the equi-
librium between folded and unfolded 
protein states, under specif ic condi-
tions. Colloidal stability results from 
the equilibrium between repulsive and 
attractive forces between the folded 
protein molecules and the surrounding 
molecules in the solution (2). Protein 
self-association can be a result of strong 
or weak interaction forces, resulting 
in irreversible or reversible aggregates. 
Aggregates can then progress toward 
larger structures as sub-visible or visi-
ble particles (Figure 2). 

RESULTS AND DISCUSSION 
The establishment of a bioformulation 
stability profile with the application of 
biophysical predictors that will allow 
the assessment of stability of different 
formulations is described in the fol-
lowing sections. 

The study was performed using 
lysozyme and immunoglobulin G 
(IgG) in the absence and presence 
of arginine and trehalose, common 
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Figure 1. Outline of stress factors that cause destabilization of native state of a biopharmaceutical drug and consequent effects.

Figure 2. Simplified schematic diagram illustrating protein unfolding and non-
native aggregation pathways. Protein folding is a physical process that combines 
the contribution of entropy and enthalpy to the total of Gibbs free energy 
(ΔG) with the aim of achieving the minimum energy state that corresponds 
to the native state. Disruption of intra-molecular bonds, especially non-polar 
interactions, by stress conditions, promotes the unfolding pathway. Inter-
molecular interaction can also occur, due to stress conditions that will promote 
self-association and protein aggregation.
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excipients in biopharmaceutical for-
mulations. Biophysical predictors 
included the determination of second 
virial coeff icient (B22), onset aggre-
gat ion temperature (Tonset),  and 
aggregation rate (Kaggregation) by light 
scattering analysis in a Zetasizer 
Nano ZS equ ipment (Ma lvern 
Panalytical), and melting temperature 
(Tm), hydrophobicity and unfolding 
rate (Kunfolding) estimated by differen-
tial scanning f luorimetry (DSF) in a 
real-time polymerase chain reaction 
(CFX96 Real-Time qPCR, Bio-Rad) 
system (Figure 3). 

This study focused on how the 
described biophysical parameters can 
be used as a rationale to select formu-
lations and/or conditions of manufac-
turing that assure protein stability. 

Colloidal stability: 
second virial coefficient (B22)
Protein self-association propensity can 
be predicted by determination of the 
particle interaction parameter/second 
virial coefficient (B22) by static light 
scattering (SLS). A positive value of 
B22 indicates that solutes prefer associ-
ation with the solvent over self-associ-
ation, either due to strong electrostatic 
repulsion between solute molecules or 
positive interaction between solute and 
solvent. In contrast, negative values 
of B22 indicate self-attractive systems, 
where the particles prefer self-asso-
ciation or aggregation over complete 
solvation (3,4). A correlation was 
demonstrated between the B22 values 
calculated and the heat- and agita-
tion-induced aggregation for antibod-
ies, demonstrating the utility of this 
parameter as a qualitative predictor of 
protein aggregation (5, 6). Figure 4 
shows the experimental Debye plots 
of the model proteins, where protein 
Rayleigh’s ratio is correlated with sam-
ple protein concentration, and B22 value 
is calculated from the slope of this plot. 

Lysozyme in the presence of argi-
nine, under the studied concentrations 
(50 mM and 150 mM), presents a 

positive B22 value (Table I), indicating 
that this excipient promotes strongly 
repulsive protein–protein interaction 
and induces an increase in the colloi-
dal stability of lysozyme. 

In case of IgG, in the presence of 
trehalose, it was observed that at low 
concentration of trehalose (20 mM) a 
positive B22 value was obtained, sug-
gesting an increase in IgG colloidal 
stability by trehalose. However, this 
effect is not observed in the presence 
of a higher concentration of treha-
lose (500 mM), where a large negative 
value of B22 was observed.

Experiments with both systems 
show the dependency of the protein 
stability on the excipient concentra-
tion. For the IgG–trehalose system, it 
seems that there is a maximum treha-
lose concentration, between 20–500 
mM, at which this excipient is still 
capable of having a stabilization effect.

Conformational stability: 
melting temperature (Tm)
The presence of ligands or excipients 
in a protein formulation can stabi-
lize the conformation of a protein, 
resulting in unfolding processes at 
higher temperatures. However, excip-
ients can have the opposite effect and 
their presence can perturb, locally or 
globally, the protein structure, lead-
ing to unfolding processes at lower 
temperatures. To understand if the 
protein native conformational struc-
ture is impacted by the addition of the 
studied excipients, the authors per-
formed the determination of melt-
ing temperature (Tm) by differential 

scanning f luorimetry (DSF). This 
analytical methodology is a rapid and 
inexpensive high-throughput screen-
ing method that uses a f luorophore 
that binds to protein hydropho-
bic exposed regions. This method is 
useful to identify the impact of the 
individual constituents and process 
development parameters on the con-
formational stability of the protein (7). 
Conformational stability of a protein 
is related to the protein Gibbs free 
energy of unfolding (ΔGu), which is 
temperature dependent. As the tem-
perature increases, ΔGu decreases, 
reaching zero at the equil ibrium 
where concentrations of folded (native) 
and unfolded (denatured) protein are 
equal (7). The temperature at which 
this occurs is called the melting tem-
perature (Tm). 

In this work, it was observed that 
the presence of the excipients, under 
the studied conditions, did not sig-
nificantly alter the Tm of the protein 
(Figure 5A and Table II), suggesting 
that protein conformational stability is 
not impacted by the presence of these 
two excipients. 

Conformational stability: 
protein hydrophobicity
Another biophysical stability predictor 
is the protein hydrophobicity, which 
can be quickly determined by f luo-
rescence probes and correlated with 
surface properties of the protein and 
changes in tertiary structure. Sypro 
Orange (Thermo Fisher Scientific) is 
a f luorophore for which an increase in 
quantum yield will occur upon bind-
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Formulation B22 (10-3.ml. 
mol/g2) Formulation B22 (10-4.ml. 

mol/g2)

Lysozyme -0.53±0.03 IgG -0.98±0.22

Lysozyme + 50 mM 
arginine 1.50±0.40 IgG + 20 mM 

trehalose 5.18±0.85

Lysozyme + 150 
mM arginine 2.50±0.32 IgG + 500 mM 

trehalose -5.75±0.79

Table I. B22 values obtained by Rayleigh equation from static light scattering 
measurements. IgG is immunoglobulin G.
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ing with the protein exposed hydro-
phobic region (7). In the presented 
case study, the presence of arginine 
significantly increases the initial f lu-
orescence in a concentration-depen-
dent manner (Table II). These results 
suggest that arginine establishes con-
spicuously weak unspecif ic interac-
tions with the protein, behaving as an 
osmolyte molecule (8). However, the 
presence of trehalose on the IgG solu-
tion does not significantly impact the 
initial f luorescence of Sypro Orange 
(Table II), suggesting that treha-
lose does not promote tertiary struc-
tural changes of IgG. Fluorescence 
amplitude of the denaturation reac-
tion denotes that binding to the f lu-
orophore is increased in the presence 
of arginine (Table II), suggesting 
that arginine promotes exposure of 
hydropic surfaces during the lyso-
zyme unfolding process. Fluorescence 
amplitude of the denaturation reac-
tion of IgG is not significantly altered 
by the presence of trehalose, support-
ing the data of initial f luorescence. 

Conformational stability: protein 
unfolding and aggregation rate
Accelerated temperat u re stabi l-
ity experiments, such as isothermal 
kinetics by f luorescence and dynamic 
light scattering (DLS), are useful to 
monitor real-time protein unfolding 
and aggregation in stressed conditions 
and, in some cases, are sensitive to 
detect changes in protein stability that 
were not possible to detect by melt-
ing temperature determination (9). 
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Figure 3. Bioformulation stability profile using biophysical stability predictors. 

Figure 4. (A) Debye plot of lysozyme in the presence of arginine. (B) Debye plot 
of immunoglobulin G (IgG) in the presence of trehalose.

Formulation Tm (ºC)

Hydrophobicity
KUnfolding (1/h) 

(DSF)
Kaggregation  

(1/h) (DLS) Tonset (ºC)Fluorescence 
Intensity (a.u.)

Fluorescence 
amplitude (a.u.)

Lysozyme 68.00 ± 0.04 2514±24 1367±23 0.74±0.07 3.30 69.5

Lysozyme + arginine (1:9) 69.20 ± 0.19 2539±20 2500±68 0.91±0.06 13.30 59.6

Lysozyme + arginine (1:26) 67.18 ±0.41 2640±104 5961±184 0.97±0.09 7.85 57.8

IgG 70.48± 0.05 2566±5 2315±4 1.89±0.05 9.15 70.2

IgG + trehalose (1:76) 70.94± 0.09 2591±5 2376±63 1.97±0.03 3.17 73.2

Table II. Biophysical parameters to evaluate bioformulation stability profile determined for lysozyme in the presence of arginine 
and immunoglobulin G (IgG) in the presence of trehalose. DLS is dynamic light scattering. DSF is differential scanning fluorimetry.
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By choosing a temperature 5–10 ºC 
below the melting temperature, these 
methodologies are a fast way to evalu-
ate protein stability under formulation 
and process conditions (10). These 
studies allow a deeper understand-
ing of the unfolding and aggregation 

mechanisms and whether protein 
denaturation precedes aggregation or 
native state and/or intermediate states 
are the prone states to aggregate. 

Monitorization of protein unfold-
ing and /or aggregat ion can be 
per formed by f luorescence with 

external f luorophores such as thi-
o f l a v i n  T,  1- a n i l i non a pht h a-
lene-8-su l fonic acid (ANS) and 
4,4’-dianilino-1,1’-binaphthyl-5,5’-di-
sulfonic acid dipotassium salt (Bis-
ANS) or by light scattering. Using 
this set-up, researchers can evalu-
ate the unfolding rate (Kunfolding) by 
DSF and aggregation rate (Kaggregation) 
by DLS (11). In DSF isothermal 
kinetics, the authors took advantage 
of the properties of Sypro Orange 
as a dye that binds hydrophobic 
patches to monitor the exposition 
of these regions that occur during 
unfolding and protein aggregation. 
By this end, the authors were able 
to determine two stability predic-
tors parameters—Tm and Kunfolding—
with the same instrument setup. In 
this case study, unfolding isother-
mal kinetics demonstrate that the 
presence of arginine increases the 
lysozyme unfolding rate in a con-
centration-dependent manner. In 
the case of IgG, presence of treha-
lose does not significantly alter the 
IgG unfolding rate (Figure 5B and 
Table II). Aggregation isothermal 
kinetics monitored by DLS showed 
that the presence of arginine induces 
a four-fold increase in the lysozyme 
aggregation rate. An opposite behav-
ior was observed for IgG in the pres-
ence of trehalose. Trehalose induces a 
decrease in the IgG aggregation rate 
(Figure 5C and Table II).

Conformational stability: onset 
aggregation temperature (Tonset)
A key stumbling block in protein 
aggregation prediction is the detec-
tion of aggregate-prone intermediate 
states that can be present transiently at 
low concentrations relative to natively 
folded proteins. Intermediates par-
tially folded are the most prone state 
to nucleate and promote aggregation. 
Onset aggregation temperature (Tonset) 
is another biophysical stability pre-
dictor that will disclaim the protein 
propensity to aggregate and conse-
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Figure 5. Experimental data used to determine biophysical parameters.
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quently predict if intermediate folded 
states are present in the product. 
Static light scattering coupled with 
thermal ramping determined the Tonset. 
The presented results indicate that 
lysozyme as a Tonset of 69.5 ºC and 
that the presence of arginine decreases 
the Tonset in up to 11 ºC, suggesting 
that the presence of arginine induces a 
protein structure more prone to aggre-
gate (Figure 5D and Table II). In 
contrast, the presence of trehalose in 
IgG induces an increase in the Tonset 
of 3 ºC, suggesting a discrete struc-
tural change that does not impact the 
propensity to aggregation (Figure 5D 
and Table II).

CONCLUSION
Currently, the pharmaceutical indus-
try targets increasingly complex bio-
logic molecules, therefore analytical 
workf lows play an important role in 
streamlining the development pro-
cess. A successful development of bio-
pharmaceutical formulations requires 
a careful assessment of the biophys-
ical properties, primarily focused on 
achieving optimal conformational and 
colloidal stability of the drug mole-
cule. It also involves extensive stability 
studies under stressed conditions and 
forced degradation studies. Prediction 
of possible structural conformational 
changes and the impact on colloidal 
and conformational stability is useful 
to understand the impact of different 
formulations of a biopharmaceutical 
drug and the consequences of subtle 
process changes on the drug. 

In the pharmaceut ica l  indus-
try, chemical and colloidal stability 
are the focus for choosing the best 
formulation. The concentration-de-
pendent diffusion coeff icient is the 
gold standard parameter to select for 
determining the best formulation in 
terms of colloidal stability. To ana-
lyze conformational stability, stability 
studies under accelerated conditions 
and analysis by liquid chromatogra-
phy is still the most used approach. 

Accelerated stability studies and liq-
uid chromatography analysis are time 
and resource consuming; therefore, 
an approach to narrow the candidates 
by prediction of the possible impli-
cation on protein aggregation and 
unfolding pathways is a good strat-
egy to identify and address poten-
tial problematic candidates in a faster 
way, reducing risk and process devel-
opment costs. Understanding the 
link between thermal unfolding and 
aggregation might help to minimize 
conformational and colloidal insta-
bilities. Determination of melting 
temperature and onset aggregation 
temperature that establish at least 
the f irst unfolding and aggregation 
event temperatures indicates what are 
the highest storage temperatures that 
can be used to induce stress under 
accelerated stability studies. It is 
important to note that International 
Council for Harmonisation (ICH) 
guidelines on stabil ity testing of 
biotechnological/biological product 
indicate that accelerated conditions 
are useful to understand degradation 
profiles and product integrity upon 
excursion/accidental exposure (12). 
However, there is a lack of correla-
tion between accelerated stability and 
long-term low-temperature stability 
(13) since proteins may follow sev-
eral different aggregation pathways, 
which are highly specific to the com-
bination of protein, buffer condition, 
and analysis conditions. 

The present study designed an ana-
lytical package to predict structural 
and colloidal stability and to demon-
strate the impact of formulation on 
the stability of two model proteins. In 
the case study, it was demonstrated 
that the presence of arginine at opti-
mal and native conditions promotes 
strongly repulsive protein–protein 
interaction and induces an increase in 
the colloidal stability of lysozyme. In 
addition, arginine also does not affect 
the melting temperature of lysozyme. 
Under stressed conditions, arginine 

promotes the exposure of hydrophobic 
regions of lysozyme that induces a dis-
tinct and faster unfolding and aggre-
gation pathway. These results gave 
information of the inherent structural 
stability of the protein suggesting that, 
under native conditions, arginine is 
a good excipient choice for lysozyme. 
Nonetheless, specific stress conditions, 
such as high temperature and pres-
ence of arginine, can promote protein 
aggregation, compared to lysozyme 
alone. The presence of trehalose, on 
the conditions studied, does not affect 
the melting temperature of IgG or 
the protein surface hydrophobicity. It 
was observed that trehalose promotes 
a discrete slowing effect on unfolding 
processes of IgG, supported by the 
fact that onset aggregation temper-
ature is also higher, suggesting that 
trehalose can be a suitable candidate 
to IgG formulations.
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