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Aggregation of hydrophobic proteins: size dependent
behavior and crossover to instability

Abstract

In this study, the aggregation properties of mainly hydrophobic proteins are explored by
using an extended DLVO model that included an extra short-range interaction. Two different
interaction regimes are studied to isolate the effect of hydrophobic interactions on protein
aggregation. In the first interaction regime, van der Waals attraction, electrostatic double-
layer repulsion, and short-range surface interactions are considered, and the interaction
curves are described by finite energy barriers that kinetically stabilize protein dispersions
over a broad size (R = 5-100 nm) and hydrophobicity (h,= 0-20 %) range. In the second
interaction regime, hydrophobic attraction is described by an exponential potential, causing
the electrostatic barrier to collapse beyond a critical size, and resulting in a diffusion-
limited, irreversible protein aggregation. The maximum interaction force (F_ ) - size
scaling analysis shows, /|~ R**, with a.= 0.5 for the first interaction regime, whereas in
the second (hydrophobicity-dominated) interaction regime, this scaling linearly decreases
with size (a = -0.5), indicating the lack of finite energy barriers and the dominance of short-
range attraction. These results demonstrate that hydrophobic interactions by themselves are
capable of inducing aggregation in electrostatically balanced systems. As a test, aggregation
pattern in two predominantly hydrophobic proteins, elastin and zein, are discussed within
the framework of Model-2 with satisfactory outcomes. Overall, this study clearly shows a
size-dependent crossover from attraction-dominated behavior at small sizes to an unstable
interaction regime at larger sizes, a conclusion that can be extended to colloidal, intrinsically
disordered proteins and nanoparticle systems where surface hydrophobicity is profound.
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Interaction mechanisms in predominantly hydrophobic proteins lead to size dependent
cross-over to instability due to increased hydrophobicity.
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Highlights: Hydrophobic proteins undergo distinctive aggregation
unlike normal proteins.

Hydrophobic and surface forces must be included in the DLVO
theory to address this issue.

The extended DLVO formulation revealed scaling of maximum
interaction force with size.

Under dominating hydrophobic interactions, a size and
hydrophobicity dependent crossover to instability was noticed.

Introduction

Self-assembly or aggregation of proteins is the most significant
contributor to neurological and neurodegenerative pathogenic
conditions like, the Alzheimer’s, Parkinson’s, Huntington,
Amyotrophic Lateral Sclerosis, Creutzfeldt Jakob Dementia, Prion
diseases, Amyloidosis and other forms of dementia. Proteinopathy is
a recently coined term which refers to the conditions where proteins

become structurally abnormal or fail to fold into stable secondary
structures. This morphological change may contribute to the formation
of oligomeric aggregates that adversely interfere with multiple
biochemical processes leading to serious pathological consequences.
Therefore, it is pertinent to develop a better understanding of this
phenomenon.

Proteins are biopolymers composed of polar and non-polar amino
acids arranged along a peptide backbone.! When dispersed in aqueous
environment, the exposure of hydrophobic amino acid residues to
water is energetically unfavourable that leads to their partial exclusion
from the protein surface and the emergence of cooperative folding
forces that organize the protein interior.?> As a result, hydrophobic
residues tend to cluster, forming compact structural motifs that
stabilize native conformations while simultaneously influencing
long-range intermolecular interactions. This hydrophobic driving
force plays a central role in protein self-assembly, misfolding, and
aggregation phenomena.>® There exist a class of proteins that are
structurally disordered (intrinsically disordered proteins, IDPs), and
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proteins comprising of large amount of hydrophobic amino acids (like
leucine, isoleucine, valine, phenylalanine, and methionine) that exhibit
aggregation behaviour not accountable by DLVO type description.*
Some examples of IDPs are p27, p53, CREB a-synuclein, tau, elastin,
CREB, amyloidogenic proteins etc. These proteins are characterised
by their short-range folding complexity and unusual aggregation
tendency. Among the hydrophobic proteins elastin, zein, prolamin,
silk fibroin and transmembrane proteins are biologically relevant.>
Therefore, understanding the interaction mechanisms that lead to the
aggregation pattern of these predominantly hydrophobic biomolecules
is necessary, furthermore such a model must account for the degree of
hydrophobicity, and size of the biomolecules among other parameters.

From a physical standpoint, proteins in solution may be viewed
as complex colloidal particles whose stability is governed by the
balance between attractive and repulsive intermolecular forces.” The
classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is a
fundamental theoretical basis for understanding such interactions,
taking into consideration the competition between the van der Waals
attraction and the electrostatic repulsive forces due to the overlap of the
electric double layers.® The interaction potential usually has a strong
primary minimum at short range, a finite repulsive energy barrier at
intermediate range, and a shallow secondary minimum at long range.’
Aggregation takes place when the attractive forces prevail or when
the electrostatic barrier is sufficiently lowered, allowing access to
the primary minimum.'® Salt-mediated aggregation of colloids and
proteins is a result of DLVO-type interactions.®!!"13

A stable dispersion of biomolecules in water requires its proper
hydration by the creation of successive hydration layers around its
surface.' In the case of biomolecules with high hydrophobicity, such
hydration becomes problematic, and therefore the stability of their
dispersion must be considered properly by taking into consideration
their hydrophobicity.'” Hydrophobic proteins, in particular, owing
to their special amino acid composition, are problematic in terms
of traversing their free-energy landscape of dispersion stability in
water.'®

In this prominent biopolymer category, the presence of non-
polar side chains promotes hydrophobic interactions and affects
the interfacial water structure, thus deviating from the predicted
balance according to classical DLVO theory.> In aqueous solution,
hydrogen bonding between biomolecular functional groups and
water molecules is a fundamental mechanism in the stabilization
of biomolecular structures, whereas hydration layers and solvent
structuring effects introduce new short-range forces that are not
accounted for in the classical DLVO theory.!” At the molecular level,
binding attraction forces can be modelled using Lennard-Jones or
Morse potentials, which are versatile models of short-range binding
forces in biomolecular association.'®

Therefore, a complete understanding of hydrophobic protein
aggregation must necessarily incorporate the interaction model with
non-DLVO contributions such as hydrophobic forces and surface-
specific forces.® These extended DLVO models, based on colloid
and polymer physics, provide a physically consistent framework
for understanding the potential impact of hydrophobic regions on
interaction forces and the aggregation of proteins into larger, typically
biologically inactive entities.>*8

Modified DLVO theory

Though the traditional DLVO theory is able to capture the balance
between the attraction and electrostatic repulsion forces, it does
not take into account the molecular hydrophobicity. Moreover, the
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biomolecular surface interaction often involves other forces, such as
interfacial, steric, depletion, solvation forces, etc., which were not
taken into account in the traditional DLVO theory.” Hydrophobic
association, hydration, steric repulsion, and surface organization have
been found to play a substantial role in protein systems, especially
when non-polar amino acid regions are predominant in intermolecular
interactions®. Consequently, the total interaction potential is
represented by an extended form in which extra surface potentials
or short-range exponential terms are incorporated along with the
classical van der Waals and double-layer contributions.?**!

The constitutive interaction potential is therefore written as a
sum of: (i) dispersion or molecular-scale attraction, (ii) electrostatic
repulsion, (iii) and an additional term representing surface or
hydrophobic interactions given by

U (M

total [U +U

attr rep ]DL Vo + [U

add ]non— DLVO

Here, Uaeer may take Lennard—Jones (van der Waals) interaction
term, or plate-plate or hydrophobic exponential form, IJ; rep represents
the electric-double-layer (Debye-Hiickel type) term derived from
linearized Poisson-Boltzmann theory and, U_gu”‘ accounts for
hydration, steric or surface contributions. Typically, the first-two
potentials on the right comprise the DLVO interactions while the
additional potential U, is introduced to account for other interactions
mentioned earlier.

Molecular hydrophobicity, in particular, may significantly
deepen the primary minimum even under stabilizing electrostatic
conditions, thereby offering a physical route toward the aggregation
of hydrophobic proteins.?? Clearly, a realistic model to describe the
protein stability must encompass its degree of hydrophobicity as well
as its physical size which is the main objective of this work. Herein,
the consequences of these additional interactions are examined
through systematic model calculations to highlight their bearing on
the protein stability.

Mathematical modelling

In order to evaluate the combined influence of attractive,
electrostatic and surface-specific forces, numerical interaction
profiles were generated by superposing three potential components.
The calculations are based on dimensionless coordinates /R and U(r)/
k,T, where R denotes an effective particle size and k,T is the thermal
energy at temperature T and U(r) is the interparticle interaction
potential. This representation permits comparison across different
sizes and surface fractions without altering the underlying functional
forms.>*

(a) Model -1

The first model employs a Lennard-Jones term for short-range
molecular attraction U, ,, together with the Debye-Hiickel electrostatic
double-layer potential Uy, and a surface exponential term U
describing hydrophobic or hydration forces given by

surf

Up = U+ Up U, ®)

total
Lennard-Jones potential U, captures hard-core exclusion at

very short separations followed by an attractive tail consistent with
molecular pair interactions* given by
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o is the molecular length and & defines the strength of the
potential. @y is the small shift to avoid singularity at »=0. This
potential comprises of a very short-range repulsion (e r~/?) plus long-
range attraction ( r~9).

Double Layer interaction is a repulsive interaction decaying with
a screening length k' (Debye length) is given by
a —kr

U, = ADL e 4)
A, is a constant set by surface potential/ionic strength.

The additional potential term U_ is taken as a phenomenole}'-su rf
term parameterised by the magnitude C . and decay length
representing hydrophobic attraction structuring is given by

=1 At
U ®=C a ™ O
surf surf

(b) Model -2

The second model replaces the Lennard-Jones attraction with a
tunable hydrophobic exponential potential (Eq. 6), thereby isolating
the effect of hydrophobic forces without invoking a strong hard-core
repulsion. This potential is given by

a -r
2, /A (6)

a+r

hydro (r) - _Ah

Where 4, controls the amplitude and A5 sets the range of this
potential."> This potential is characterized by a short-range interaction
(attraction) with sufficient tunability to produce deeper primary
minimum without adding hard-core repulsion. The two models are
logically constructed to distinguish kinetically stabilized interaction
landscapes to smoothly navigate from the hydrophobicity-dominated
aggregation regimes. This way of formulation enables the depth of the
primary well to be varied independently by changing the hydrophobic
amplitude and range. In this case, aggregation can be initiated without
necessarily lowering the electrostatic barrier, as seen in hydrophobic
protein systems.?® Figure 1 captures the essential features of the two
models discussed. Their relevance will be further established in the
discussions that follows.

Choice of model parameters

To facilitate a controlled comparison between the two interaction
models, all calculations were conducted with the same set of numerical
bias and interaction parameters, and the variations were introduced
only as explicitly stated. In the structured analysis, a hydrophobic
surface fraction of ., = 10% (degree of hydrophobicity) was chosen
as the basis for further analysis. This is a weak to moderate level of
hydrophobicity which is sufficient to impact near-contact interactions
but with a finite electrostatic energy barrier. The same hydrophobic
fraction was used for both models, such that any differences in
interaction behavior are due solely to the contribution of the attractive
interaction.

Baseline interaction parameters

InModel-1,theshort-rangeattractionwas modelledusinga Lennard-
Jones potential. The energy scale was setate = 20k, T and the molecular
length scale o = 0.35nm. To avoid divergence when particles get too
close, a small shift parameter r, = (.05 nm was introduced which make
certain about the numerical stability at contact. For the electrostatic
repulsion, both models used the Debye-Huckel form. The prefactor
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was A, =30k,T and a Debye length of 1 = x'= 0.8 nm. These values
were kept fixed in all simulations to maintain identical electrostatic
bias. A short-range surface interaction was included with an amplitude
Coy = 3k,Inm™" and a decay length lmf = 6nm. This part accounts
for extra effects near the surface and was adjusted based on the
hydrophobic surface fraction 2, when needed.

Hydrophobic interaction parameters

Model-2 was designed with hydrophobic attraction which was
explicitly added by an exponential interaction characterized by a
strength 4, = 80k, T and a decay length 4, = 0.35 nm. These parameters
were chosen to model strong and short-range hydrophobic interactions
relevant to biomolecular and colloidal systems, while permitting
direct comparison with the Lennard-Jones attraction used in Model-1.

Particle Size and hydrophobicity dependence

Baseline interaction profiles and stability were studied at a fixed
particle size of @ = 5nm under the same bias conditions described
earlier. Particle separation was expressed using the dimensionless
distance /R, where R denotes the effective particle size.

To examine the influence of hydrophobicity on interaction
potentials and stability, the hydrophobic surface fraction was varied
systematically across h.= 0%, 5%, 10%, 15%, and 20%. This analysis
was performed for both the models at particle sizes R = 5, 25, 50, 75,
and 100 nm, enabling a combined assessment of surface and particle
size effects. Interaction regimes were classified according to the
magnitude of the energy barrier separating attractive and repulsive
regions: (i) stable regime (U, >10k,T), (ii) metastable regime (1 <U, |
< 10k,T), and (iii) unstable regime (U, < 1k,T). This classification
provides a consistent framework in comparing kinetic stability for
various models and parameter sets. Furthermore, it will be appropriate
to place the energy scales discussed above in the right perspective
vis a vis protein aggregation. At the room temperature (300 K), the
thermal energy k,T is close to the hydrogen bond energy (i.e. few
kcal/mol). Often the aggregation in biopolymers, and the proteins in
particular, is due to the formation of intermolecular hydrogen bonds.?’
Thus, the energy requirement for the stability defined above (10 k,T)
is equivalent to saying any aggregate with at least ~10 H-bond contacts
is rigid and stable. The intermolecular interactions play a key role in
bringing individual molecules closer. Then, the secondary forces get
activated and aggregation ensues. In the discussion that follows, the
models predict the energy barrier that must be overcome to establish
aggregation.

All interaction energies were normalized by the thermal energy
scale k,7, and results are presented using the reduced interaction
potential U/k,T and the dimensionless separation 7/R. Interaction
forces were obtained from the first derivative of the interaction
potential with respect to separation. The maximum attractive force
was extracted for each particle size, and a linear fitting was performed
between the maximum interaction force F__ and particle size R to
quantify size-dependent force scaling under fixed hydrophobic and
electrostatic conditions.

Results

The two interaction models yield qualitatively different short-ran-
ge interaction landscapes at 10% hydrophobicity and particle size
R=5 nm. A stable interaction profile with a finite primary minimum
separated from contact by an energy barrier was noticed in Model-1.
This can be interpreted as the combined effects of Lennard—Jones at-
traction, electrostatic repulsion, and surface interactions. In contrast,

Citation: Neha VK, Bohidar HB. Aggregation of hydrophobic proteins: size dependent behavior and crossover to instability. | Appl Biotechnol Bioeng .

2026;13(3):91-98. DOI: 10.15406/jabb.2026.13.00422


https://doi.org/10.15406/jabb.2026.13.00422

Aggregation of hydrophobic proteins: size dependent behavior and crossover to instability

Model-2 exhibits a strongly attractive short range interaction domi-
nated by a hydrophobic exponential potential (Figure 1). Although
an electrostatic contribution is present, the overall interaction profile
doesn’t display a pronounced stabilizing barrier separating the pri-
mary minimum from particle contact. The depth of the attractive well
in Model-2 is substantially greater than that of model-1 under iden-
tical biases. The detailed contributions of the each interaction terms
and the resulting potential profiles can be observed in Figures 2 & 3.
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Figure | Interaction landscapes for the two interaction models. (a) Model-|
has a deep primary minimum separated by a finite energy barrier due to a
balance of short-range Lennard-Jones attraction and electrostatic repulsion,
leading to kinetically stable dispersions. (b) Model-2 illustrates the aggregation
phenomenon caused by hydrophobicity, where increasing particle size and
hydrophobicity continue to decrease the energy barrier until it collapses,
leading to a transition from a stable dispersion to an aggregation state.
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Figure 2 Model-| interaction potential for 10% hydrophobicity at R=5nm,
showing Lennard—Jones attraction, electric double-layer repulsion and surface
contributions with a clearly resolved primary minimum and barrier.

Effect of hydrophobicity

The dependence of the interparticle interaction potential on
hydrophobicity in Model-1 for a particle size of 50 nm is presented
in Figure 4, and the results for particle sizes of 25, 75, and 100 nm
are presented in Figure S1 (Supporting Information). For all particle
sizes, the systematic increase in the hydrophobic surface fraction
results in a systematic increase in the depth of the primary minimum
of the interaction potential. The location of the primary minimum
is independent of the hydrophobic fraction, with the equilibrium
location atr_, = 0.34 nm.

n
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Figure 3 Model-2 interaction potential for 10% hydrophobicity at R=5 nm,
demonstrating a deep hydrophobic well and a finite electrostatic barrier in the
short-range molecular regime.
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Figure 4 Hydrophobicity dependence of the interparticle interaction
potential in Model-1 for particle size R=50 nm.

The region near contact shows the existence of a finite energy
barrier between the primary minimum and larger separations
for smaller particle sizes. At R = 25 nm, a pronounced barrier is
observed for all hydrophobic fractions, whereas for particle sizes
of 50 nm and above the barrier height progressively decreases and
eventually vanishes. The corresponding quantitative values of the
interaction minimum U, , equilibrium separation r  barrier height
U, and stability regimes are summarized in Tables 1-4 (Supporting
Information).

Table | Hydrophobicity dependence of interaction minimum, barrier height,
and stability regime for Model-1 at R = 25 nm

h (% U /kT r_ (m) U_/T Regime
0 27151 0.34 16.18 Stable
5 -67.97 0.34 15.94 Stable
10 -64.43 0.34 15.72 Stable
I5 -60.89 0.34 1551 Stable
20 -57.35 0.34 1531 Stable
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Table 2 Hydrophobicity dependence of interaction minimum, barrier height,

and stability regime for Model-1 at R = 50 nm

h (%) U_JkT
0 -142220
5 -135.12
10 -128.04
I5 -120.96
20 -113.87

r/IR

0.34
0.34
0.34
0.34
0.34

U, /T
0.00
0.00
0.00
0.00

0.00

Regime
Unstable
Unstable
Unstable
Unstable
Unstable

Table 3 Hydrophobicity dependence of interaction minimum, barrier height,

and stability regime for Model-1 at R = 75 nm

h (%) U /kT
0 -213.00
5 -20237
10 -191.74
5 -181.12
20 -170.49

r/R

0.34
0.34
0.34
0.34
0.34

Ubar B

0.00
0.00
0.00
0.00
0.00

Ik, T

Regime
Unstable
Unstable
Unstable
Unstable
Unstable

Table 4 Hydrophobicity dependence of interaction minimum, barrier height,
and stability regime for Model-1 at R = 100 nm

h, (%) U_. kT r/R U, /k, T Regime
0 -282.83 0.34 0.00 Unstable
5 -269.66 0.34 0.00 Unstable
10 -255.48 0.34 0.00 Unstable
I5 -241.31 0.34 0.00 Unstable
20 -227.14 0.34 0.00 Unstable

Figure 5 presents the hydrophobicity dependence of the interparticle
interaction potential in Model-2 for a particle size of 50 nm; the
corresponding results for the remaining particle sizes are included
in the Supporting Information (Figure S2). For all particle sizes, the
total interaction potential remains monotonic in nature without the
formation of a primary minimum. Increasing the hydrophobic surface
fraction produces a uniform downward shift of the interaction curves
and reduces the magnitude of the interaction potential.
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Figure 5 Hydrophobicity dependence of the interparticle interaction

potential in Model-2 for particle size R=50 nm.

The near-contact region reveals that there is neither an energy
barrier nor an equilibrium for any hydrophobic fraction and particle
size. This behaviour is true for the entire range of particle sizes
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studied. The corresponding values of the interaction minimum U

barrier height U, , and stability classification are listed in Tables 5-8
(Supporting Information).

Table 5 Hydrophobicity dependence of interaction minimum, barrier height,
and stability regime for Model-2 at R = 25 nm

h (%) U, /kT rR U, /k,T  Regime
0 117 25.00 0.00 Unstable
5 112 25.00 0.00 Unstable
10 1.06 25.00 0.00 Unstable
5 1.00 25.00 0.00 Unstable
20 0.94 0.00 0.00 Unstable

Table 6 Hydrophobicity dependence of interaction minimum, barrier height,
and stability regime for Model-2 at R = 50 nm

h, (%) U_/lk,T  rR U, /k,T Regime
0 2.35 25.00 0.00 Unstable
5 2.23 25.00 0.00 Unstable
10 2.11 25.00 0.00 Unstable
15 2.00 25.00 0.00 Unstable
20 1.88 25.00 0.00 Unstable

Table 7 Hydrophobicity dependence of interaction minimum, barrier height,
and stability regime for Model-2 at R = 75 nm

h, (%) U_,MkT rR  U_/kT  Regime
0 3.52 2500  0.00 Unstable
5 3.35 2500  0.00 Unstable
10 3.17 2500  0.00 Unstable
IS 2.99 2500  0.00 Unstable
20 2.82 2500  0.00 Unstable

Table 8 Hydrophobicity dependence of interaction minimum, barrier height,
and stability regime for Model-2 at R = 100 nm

h (%) U_/kT rR U, /k,T  Regime
0 4.70 2500  0.00 Unstable
5 4.46 2500  0.00 Unstable
10 423 2500  0.00 Unstable
I5 3.99 2500  0.00 Unstable
20 3.76 2500 0.00 Unstable

Stability analysis

The stability regime classification for Models-1, 2 is shown in
Figure 6. This classification is made on the basis of the height of the
energy barrier that separates the attractive and repulsive interaction
regions. In Model-1, the interaction regions are mostly in the stable
regime for the entire range of particle sizes with finite barrier heights.
The corresponding values of the primary minimum, energy barrier
height, and maximum interaction force for a specific hydrophobic
fraction are given in Table 9 (Supporting Information).

Table 9 Size-dependent interaction energies, forces, and stability regimes in
Model-1 (h, = 10%)

R (nm)  Primary min (k,T)  Barrier (k,T) Stability Regime
5 -14.446 12.982 |
10 -26.581 13.656 |
15 -39.114 18.444 |
20 -51.752 24.146 |
25 -64.433 29.888 |
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80 3.3826 0 3
85 3.594 0 3
90 3.8054 0 3
95 4.0168 0 3
100 4.2282 0 3
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30 -77.135 35.651 |
35 -89.851 41.426 |
40 -102.58 47.208 |
45 -115.3 52.995 |
50 -128.04 58.786 |
55 -140.78 64.58 |
60 -153.52 70.376 |
65 -166.26 76.174 |
70 179 81.974 |
75 -191.74 87.775 |
80 -204.49 93.577 |
85 -217.24 99.381 |
90 -229.99 105.18 |
95 -242.73 110.99 |
100 -255.48 116.8 |
- - - : 1 g Metastable - r T r 1y Unstable
1wl (3 E s0l0 o (b) |
100f o0 o ol ]
e
L ar o° R - af ]
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Figure 6 Classification of stability regime on the basis of energy barrier (a)
Model-1 and (b) Model-2.

Scaling behaviour and Debye length dependence

The size dependence of interparticle interactions was further
analysed by studying the scaling behavior of the energy barrier and
the maximum interaction force for both models under the same
hydrophobic and electrostatic conditions. The interaction force was
determined by taking the first derivative of the reduced interaction
potential with respect to separation, and the maximum attractive
force was obtained for each particle size. This approach provided a
consistent measure of interaction strength across various sizes.

For Model-1, Figure 7(a) plots the energy barrier height and
the maximum interaction force as functions of particle size.
The corresponding data are summarized in Table 9 (Supporting
Information). Moreover, Figure S3 plots the effect of electrostatic
screening on the energy barrier, where the Debye length affects
the size of the energy barrier but not its size dependence. The
corresponding plot for Model-2 is shown in Figure 7(b). In this model,
the energy barrier height goes to zero for small particle sizes, while
the maximum interaction force depends systematically on particle
size. The corresponding interaction energies, barrier heights, and
forces are summarized in Table 10 (Supporting Information). Figure
S3(b) shows that changes in Debye length will affect the magnitude
of interaction force. But, it will not lead to the emergence of a finite
barrier at large particle sizes.

0"

Model-2 shows a strong size-dependent transition to unstable
regimes with increasing particle size. Only smaller particle sizes
are classified into stable or metastable regimes with barrier height
becoming zero for larger particles, which are then classified into
the unstable regime. The corresponding size-dependent interaction
energies, barrier heights, and forces for Model-2 are given in Table
10 (Supporting Information). These figures and tables together
demonstrate the different stability regimes achieved for the two
interaction models under the same electrostatic and hydrophobic
conditions.

Table 10 Size-dependent interaction energies, forces, and stability regimes in
Model-2 (h, = 10%)

£425

() ]

2000

80

1
100

R

80
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100

Figure 7 Dimensionless scaling of energy barrier and interaction force: (a)

Model-1 and (b) Model-2.

Size effect on interaction forces
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5 -36.498 51.264 |
10 -22.998 49.57 |
15 -9.4983 47.792 |
20 0.84564 0 3
25 1.0571 0 3
30 1.2685 0 3
35 1.4799 0 3
40 1.6913 0 3
45 1.9027 0 3
50 2.1141 0 3
55 2.3255 0 3
60 2.5369 0 3
65 2.7483 0 3
70 2.9597 0 3
75 3.17121 0 3

The plot of the maximum interaction force as a function of particle
size highlights the characteristic scaling of the two models. In Model-1,
the maximum interaction force is found to be linearly increasing with
the particle size, as shown in Figure 8 (a). The corresponding linear fit
has a high correlation coefficient, signifying a strong dependence on

size of the particle and the interaction force magnitude.
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Figure 8 Maximum interaction force Fmax as a function of particle size
R for Model-I and Model-2 systems at a constant hydrophobic fraction,
i.e., h,= 10%. Notice the reversal of the slope on changing the non-DLVO
component of the interaction. See text for details.
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By comparison, Model-2 exhibits a linear decrease in the maximum
interaction force with increasing particle size, as shown in Figure 8
(b). Finite interaction forces are observed across the examined size
range; however, no corresponding energy barrier is present

Discussions

Origin of kinetic stabilization in model-1

In Model-1, the interaction profile is characterized by the
combined effect of short-range molecular attraction and electrostatic
repulsion. While the Lennard-Jones interaction provides a strong
short-range attraction which increases with particle size because of
the larger effective interaction area, the double layer repulsion adds a
stabilizing energy barrier at intermediate separations. As the particle
size is increased, the strength of both the attractive and repulsive
components grows, resulting in stronger interaction forces and higher
barrier heights. Thus, while a strong primary minimum forms at short
separations, the presence of a finite barrier prevents particles from
easily accessing this configuration. Consequently, particles remain
kinetically stabilized by the energy barrier, preventing spontaneous
aggregation as shown in Figure 1.

Hydrophobicity driven destabilization and size crosso-
ver in Model-2

In Model-2, the interaction between particles varies significantly
due to the presence of a short-range hydrophobic attraction
represented by an exponential potential. For smaller particles, the
hydrophobic attraction dominates the total interaction and results
in a strong attractive well as the particles approach contact. Unlike
molecular interactions, the hydrophobic contribution does not
increase significantly with increasing particle size. As the particle size
increases, electrostatic and surface interactions become stronger, and
the hydrophobic attraction is no longer sufficient to maintain a stable
interaction. This leads to a crossover behavior: smaller particles tend
to bind together, whereas larger particles become unstable toward
aggregation, as depicted in Figure 1.

Aggregation of elastin

Elastin is a hydrophobic fibrous protein found in the vertebrate
tissues including major blood vessels, lungs, and skin. This biopolymer
is associated with high shear elastic modulus that enables reversible
stretching and recoiling. Such outstanding mechanical properties
owe their origin to the regular arrangement of hydrophobic domains
of non-polar amino acids like glycine, alanine, valine, and leucine
and lysine in its molecular structure. Tropoelastin is the monomeric
precursor for elastin, which is insoluble, non-glycosylated, and highly
hydrophobic, and it undergoes self-aggregation, and phase separation
following a complex thermodynamic process which is temperature
dependent.**® The aggregation behaviour of this physiologically
important hydrophobic protein was extensively studied in ethanolic
solvent by Pawar et al® It was found that at above a threshold
temperature ~ 297 K there was a propensity of hydrophobic interactions
that caused enhanced protein aggregation. This was modeled via
an extended-DLVO model by incorporating a surface tension force
as the non-DLVO component in the constitutive equation (Eq.1). It
was concluded that the hydrophobic interactions between the protein
molecules were overwhelmingly dominant over other interactions
which caused instability due to enhanced aggregation, which leads to
liquid-liquid phase separation, often called coacervation.?%

Let us apply the Model-2 interaction protocol to explain the
aggregation behavior of elastin. This model stipulates that for
small particles hydrophobic interaction dominates near contact, and
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unlike the molecular scale attraction this interaction doesn’t change
significantly with particle size until a limit. However, as size increases
further electrostatic and contributions arising from surface-related
forces become increasingly dominant, and the hydrophobic forces
alone are inadequate to sustain a stabilizing barrier (primary minima).
Consequently, a size-dependent crossover from attraction-dominated
behavior at small size to an unstable interaction regime at larger size
arises that may lead to a phase separation. In the elastin aggregation
studies a similar growth of particle size dominated crossover from
a stable one-phase dispersion (elastin solution) to a two-phase
liquid-liquid phase separation was noticed, which was attributed to
coacervation.” It is well known that coacervation is a thermodynamic
phase transition triggered by strong associative interactions between
polyelectrolytes.*® Thus, we notice a qualitative concurrence of our
model with the aggregation behavior reported for the hydrophobic
protein elastin.

Aggregation of Zein

Zein is a class of prolamine protein (a group of plant proteins
found with very high proline content) mostly found in maize. Zein is
composed of large amount (> 50%) of hydrophobic amino acids, such
as proline, glutamine, and asparagine, leucine and alanine, but low in
the essential amino acids lysine and tryptophan. It is a storage protein
and constitutes as much as half of the total protein of the endosperm.
Zein has a helical wheel shaped structure with nine homologous units
arranged in non-parallel with the units stabilized by hydrogen bonds.
This helical shape gives zein a globular morphology. This water-
insoluble, but alcohol-soluble corn storage protein is one of the poorly
understood biomacromolecules as far as its aggregation properties
under different solvent conditions are concerned.

Itisreported that this hydrophobic plant protein forms nanoparticles
in ethanolic solutions with specific aggregation attributes.’!
Homogeneous aggregates of low size and polydispersity were formed
close to its pI (~6.2). In contrast, in the presence of a monovalent salt,
these particles exhibited aggressive heterogeneous aggregation with
the formation of large aggregates of high polydispersity.’! Zein which
contains large amounts of non-polar and hydrophobic amino acids
aggregates readily following significantly different self-organization
pathways in a dominant manifestation of interplay of various
interactions in the milieu of a binary solvent. Here too, we may apply
the implications of Model-2 to understand the aggregation kinetics
of zein. It was noticed that maximum aggregation occurred at the
isoelectric pH (pl) of zein which is 6.2. Thus, there was a propensity
of aggregation when the net charge on the protein was marginal. In
such a scenario the dominant contributions associative interactions
would arise from the hydrophobic and surface forces. The particle
size growth profile revealed a biphasic pattern with an initial sharp
increase in aggregate size followed by a slower growth. In the absence
of an electrical double layer, the hydrophobic attractive forces were
dominant until a size of about two times the size of the original
(monomer) was achieved. Beyond that there was a smooth cross-over
led by surface forces that provoked aggregation albeit slowly, and
large clusters emerged consistent with the predictions of Model-2.

Conclusions

This work investigates the phenomenon of protein aggregation via
an extended version of the DLVO approach emphasizing hydrophobic
interaction. A scaling relation was established between the interaction
force and particle/biomolecular size which explicitly depends on the
surface property. Model-1 focused on the attractive potential at the
molecular-scale where the resulting interaction showed the presence
of kinetically stabilized aggregation states. However, such models,
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which are suitable for conventional colloidal systems, may not
always be realistic, especially considering the environment in which
biomolecular systems resides. In contrast, Model 2, which emphasized
the hydrophobic force showed barrier less interaction with deep
primary minima. This result pertains to systems that follow diffusion-
limited aggregation like hydrophobic proteins. Furthermore, it shows
that smaller particles demonstrate DLVO-like behavior, whereas for
systems with higher hydrophobic potentials form larger aggregates
aggressively due to the absence of any energy barrier. Finally, it is
necessary to comment on the experimental validation of the results
obtained. Clearly, this requires hydrophobicity-dependent size data
for proteins in a given system over a wide range, for which there is a
paucity of data. Regardless, an attempt has been made to qualitatively
discuss the aggregation behavior of two hydrophobic proteins, elastin
and zein, within the ambit of one of the interaction models proposed
in this work.
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