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Abstract
Elastin (E) coacervation was studied close to isoelectric pH (pI = 4.7 ± 0.5), and this thermally activated self-assembly leading to
phase separation involved the following three distinguishable temperatures: onset of interpolymer interaction at Tos, coacervation
at Tc, and mesophase separation at Tms. Such behavior was absent in elastin solutions made at other pHs. The pH-dependent
particle size histogram revealed bimodal distribution between pH 2 to 4 and 5.5 to 6.2, whereas the region pH = pI ± 0.5, a
coacervate-rich domain with trimodal size distribution. The coacervation temperature TC decreased from 38 to 33 °C with
increase in solution ionic strength (0–40 mM, NaCl) implying the importance of hydrophobic forces that governed the molecular
self-assembly. The thermoreversibility of the turbidity profile implied that the elastin complexes did not fully dissociate into their
monomeric state upon temperature reversal. Two observations were made here: (i) the hysteresis loop formed by the heating-
cooling cycle had an area that decreased with ionic strength of the solution and (ii) the remnant aggregated E content increased
with solution ionic strength. The present study highlights some of the key issues related to the reversibility of self-assembled soft
matter systems which remains somewhat poorly explored until now.
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Introduction

The phenomenon of complex coacervation has been observed
in a variety of complementary polyelectrolyte systems [1–7].
Associative interaction between oppositely charged polyions
often leads to the formation of soluble interpolymer com-
plexes which may in turn coalesce to yield macroscopic coac-
ervate droplets [8–12]. In the coacervate family, it is rare to
find coacervation transition in unicomplex polyampholyte
systems driven by temperature. Since the coacervate material
has found many applications in areas as diverse as drug en-
capsulation and delivery, enzyme immobilization, etc., a better
understanding of all aspects of coacervation phenomenon is

called for [13–18]. Ethanol-induced simple coacervation in
gelatin system has been reported in the past, which belongs
to the unicomplex polyampho-ion category [19–21]. In this
system, the associative interaction was driven by intramolec-
ular binding followed by the formation of soluble complexes
of aggregated gelatin chains at room temperature. The
mesophase separation in this system was characterized by
signature ethanol concentrations defined as Vc, Vφ, and
Vprep where the following observable changes in solution tur-
bidity were noticed: onset of associative interactions at Vc,
formation of the soluble complex at Vφ, and formation of
the insoluble complex at Vprep. This is a parallel description
of pH-induced complex coacervation described by Kaibara
et al. [22] where the equivalent signature pHs were identified
as pHc, pHφ, and pHprep.

Temperature-induced coacervation is not very common be-
cause solubility increases with temperature in most polyelec-
trolyte solutions. Previous studies on biopolymers such as
poly (NIPAAm-co-HIPAAm) have shown thermoresponsive
coacervation and lowering of LCST with salt content [23].
Wolf et al. have extensively studied the temperature-
dependent behavior of aqueous poly (phosphoester) terpoly-
mer which showed coacervation above a certain temperature.
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The temperature was referred to lower critical solution tem-
perature (LCST) [24]. Swanson et al. have studied the ther-
moreversible phase transition in polyesters [25]. This recent
literature provides a glimpse of thermally activated
interpolymer coacervation.

Elastin is an important extracellular matrix protein that is
responsible for extensibility and elastic recoil properties of
connecting tissues, arterial walls, skin lung parenchyma, and
blood vessels. Tropoelastin, which is a protein precursor of
elastin, undergoes self-assembly followed by cross-linking
with a lysyl oxidase to form insoluble network elastin fibrils
in vivo. Elastin coacervation has drawn much attention in the
past and it has been mostly recognized that the insoluble frac-
tion of elastin, tropoelastin, is mostly responsible for causing
coacervation [25]. Maeda et al. [26] have shown that the hy-
drophobic polymeric sequence of amino acids Val-Pro-Gly-
Val-Gly and its derivatives present in the tropoelastin may
cause coacervation.

Thermoresponsive polymers have numerous applications
while thermoresponsive coacervates have found many bio-
medical applications including tissue engineering [27, 28],
protein purification [29], and drug delivery [30]. A coherent
picture of elastin coacervation that has emerged so far con-
cludes the following [31]: (i) coacervation occurs primarily
due to hydrophobic cooperative association of tropoelastin;
(ii) the number, sequence, and contextual arrangement of hy-
drophobic domains are important; (iii) coacervation is an en-
tropic driven endothermic process; and (iv) it is closely asso-
ciated increased β-structures in hydrophobic domains and α-
helices in cross-linking domains.

A pertinent question arises here: how thermoreversible is
elastin coacervation? This is one area which has not received
much attention in the past, and in the literature, there is the
paucity of information on this. We provide an answer to this
important question herein. Since tissue engineering involves
multiple cycles of rupture and regeneration of tropoelastin
self-assembly, the importance of exploration thermodynamic
reversibility of elastin coacervate can be hardly stressed.

Materials and methods

Water-soluble elastin (salt free, lyophilized powder) resourced
from bovine neck ligament was purchased from Sigma-
Aldrich, USA, with product number E6527 and CAS no.
9007-58-3. Sodium chloride was brought from CDH, India.
All chemicals were of analytic grade, and these were used
without further purifications. All procedures were performed
at room temperature 25 °C unless otherwise stated.

Elastin dispersion 0.1% (w/v) was prepared by dissolving
biopolymer powder in deionized water at 25 °C under con-
stant stirring for 4 h which produced a homogeneous and
optically clear solution with a very light-yellow color. For

salty samples, the required amount of NaCl (10–100 mM)
was added to the solvent water and stirred for 5 min to which
elastin powder was added and stirred for 4 h at room temper-
ature. For pH-dependent study, the pH of each solution was
adjusted as per experimental requirement using 0.1 M HCl or
0.1 M NaOH solution. All the solutions appeared optically
clear and transparent after preparation. The prepared disper-
sions were stored in air tight borosilicate glass bottles at 4 °C
for future use which in any case did not exceed 48 h. Each
experiment was repeated four times to ascertain data repro-
ducibility and the reported values are averages.

The electrophoresis measurements were done on a zeta
potential instrument (ZEECOM model ZC2000, Microtec,
Japan), and the UVabsorption and turbidity (at 400 nm) were
measured using Cary 60 spectrophotometer (Agilent, USA)
for temperature-dependent study CARY single cell peltier ac-
cessory attached to the instrument were used. For each tem-
perature measurements, 15 min of resting time was allowed
for the system to reach equilibrium. PhotoCor Instruments,
USA, that was operated in the multi-tau mode was used to
perform dynamic light scattering (DLS) experiments. The
light scattering spectrometer was mounted on a Newport vi-
bration free optical table. Scattering angle was set at 90°, and
excitation source was a 35 mWHe:Ne laser (632.8 nm). Non-
linear regression analysis of the measured intensity correlation
functions was done to determine particle size histogram.
Further details on DLS and data analysis procedures are de-
scribed in ref. [32].

Results and discussion

Characterization of elastin

Since elastin is a heterogeneous biopolymer with much of its
physicochemical properties dependent on the source and
method of its extraction, it is necessary to first validate its
physical properties. In the literature, elastin protein from var-
ious sources has been used for the coacervation studies, but
there had been rarely any attempt to fully characterize the
biopolymer prior to its use. We avoided this shortcoming in
the present study. As the first step, we performed a pH titration
of the salt-free elastin solution at room temperature and mea-
sured the solution turbidity, hydrodynamic radius (Rh), and
zeta potential (ζ) of the biopolymer (Fig. 1).

As expected, the turbidity and particle size increased until
the isoelectric pH, pI = 4.5 ± 0.3 was reached where the zeta
potential recorded almost zero value. The zeta potential
remained in the range of + 25 to − 25 mV corresponding to
the pH region 2.5 to 9. The mean hydrodynamic radius in-
creased from 100 to 900 nm as pI was approached, and for
pH > pI, this value slowly decreased to 100 nm. If this plot is
converted to a symmetry plot about the variable (pH-pI) (see
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Fig. 2), it depicts not a perfect symmetry of elastin charge state
about its isoelectric pH. This implies that the fraction of pro-
tonated and deprotonated residues was quantitatively different
at a given pH. However, this had a remarkable bearing on the
average aggregate size of elastin. Below, pI the average ag-
gregate size was much larger implying more exposure of hy-
drophobic domains (region I). This aspect was probed more
intensely by looking at the pH-dependent particle size histo-
gram (Fig. 3).

From the size histogram data shown in Fig. 3, bimodal
particle size distribution was noticed in the pH region between
≈ 2 to 4 (Fig. 3a, b) and 5.5 to 6.2 (Fig. 3e). Beyond pH = 6.2,
there was only unimodal distribution (Fig. 3f). Remarkably, in
the region pI ± 0.5, there were three distinct populations in the
size distribution (see Fig. 3d). The dominant fraction had a
mean size of Rh1 = 300 nm that shot up to 600 nm at pI, and
eventually reduced to 150 nm for pH > 7. The second fraction
had a mean size of Rh2 = 28 nm at pH = 2 which gradually
decreased to 14 nm at pH = 6. Interestingly, a third fraction
was noticed only near the pI region that had a mean size of
150 nm. For pH > 6, the particle size histogram was unimodal.

Numerous studies have attributed self-assembly to the hydro-
phobic aggregation. Thus, for pH < pI, the observed higher
aggregate size was clearly due to the abundance of intermo-
lecular hydrophobic forces, which at pH = pI reached a max-
imum (Figs. 1 and 4). The coherent picture that emerged from
this data revealed that the pH ≈ pI region (shaded region of
Fig. 4) was the most coacervate-rich zone compared to the rest
of the pH domains. Further, between pH < pI and pH > pI
regions, the former had more propensity of intermolecular
hydrophobic interactions and hence was more prone to
coacervate.

Coacervation

The representative temperature-dependent turbidity profiles of
three salt-free elastin solutions at different pH depicted in
Fig. 5. Temperature-dependent experiments were done up to
60 °C in order to avoid possible heat-induced denaturation of
the protein at a higher temperature. The data clearly shows the
sample prepared with pH = 4.7 (close to pI) undergoing
unicomplex formation that resulted in the coacervation at
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TC. The other two samples did not reveal similar behavior
although the pH < pI sample exhibited marginally higher tur-
bidity compared to the pH > pI sample (Fig. 5a). The turbidity
and UV-Vis absorbance profiles depicted qualitatively identi-
cal trend for the coacervating sample (Fig. 5b). From the

change in the slope (d 100−%Tð Þ
dT vsT graph, Fig. 5c) data, it was

possible to identify three distinct temperatures where observ-
able changes in the turbidity occurred. These temperatures are
identified as onset of self-assembly Tos, coacervation transi-
tion TC, and mesophase separation temperature Tms.

The coacervation phenomenon was probed as a function of
monovalent salt sconcentration (NaCl) in the range from 10−4

to 10−1 M (data not shown) which yielded turbidity profiles
similar to the one shown for the pH = 4.7 sample (Fig. 5). This

data was changed to the derivative plot of d 100−%Tð Þ
dT vsT which

is depicted in Fig. 6. The peak in this plot corresponds to the
coacervation temperature TC and shifts to lower temperature
at higher salt concentration and similar behavior was found for
the other two transition temperatures too. The dependence of
TC, Tos, and Tms with different salt concentration is shown in
Fig. 7 which is revealing. Between 10−4 and 4 × 10−2 MNaCl,
the TC value changed by almost 5 °C making the coacervation
process highly temperature tunable, since the process of coac-
ervation is preceded by self-assembly of elastin which in turn
is governed by how much of the protein is exposed and is
available for self-association. This implies salt induced
unfolding of this protein in the concerned salt content region,
and occurrence of maximum of this at 40 mM NaCl
concentration.

Thermoreversibility of coacervates

After probing the thermally activated coacervation in elastin
solut ions i t was fe l t imperat ive to examine the
thermoreversibility of the coacervates. Figure 8a depicts this
behavior for salt-free solutions and Fig. 8b for salty prepara-
tions monitored through their turbidity profiles. The ABCD
heating path characterizes the coacervation transition while
DEFG defines the behavior on temperature reversal in
Fig. 8a (cooling path). These heating-cooling profiles were
identical in salty solutions too. However, two major differ-
ences were noticed: (i) the area under the loop (heating-
cooling curves) decreased for higher salt concentrations

Fig. 3 Particle size histogram is shown as a function of pH of the solution evaluated at room temperature. Note the changing pattern of size distribution
with pH change
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(horizontal arrows in Fig. 8b) and (ii) the remnant turbidity
(turbidity at room temperature, vertical arrows in Fig. 8b) was
more for solutions with higher salt concentrations. What will
happen if a sample is subjected to two heating-cooling cycles?
Figure 8c data provides an answer to this question clearly.
Some clear observations are made from this data: (i) the hys-
teresis loop area diminished significantly in the second cycle
indicating thermoreversibility and (ii) the remnant turbidity
was almost zero implying the oligomeric state of elastin at
room temperature remained unaltered.

In Fig. 9, the area under the turbidity hysteresis loop (data
from Fig. 8) is plotted as a function of salt concentration along
with the remnant turbidity. The self-assembly of elastin is a
fully hydrophobic driven process and we have already shown
in Fig. 7 that at higher salt concentration coacervation oc-
curred at a much lower temperature. Thus, more hydrophobic

sites were available for interaction at higher salt containing
elastin solutions. Thus, the presence of salt facilitated the
unfolding of elastin which enabled exposure of hydrophobic
sites that were buried inside the core of the native elastin at
room temperature. For a given ionic strength of the
coacervating solution, as the temperature was raised from
room temperature (RT) to TC, more of elastin denatured re-
vealing the hydrophobic sites to enable their associative inter-
action with their neighboring binding partners. When the tem-
perature was reversed from TC to RT, first the coacervate got
dissociated into individual elastin oligomers and further into
smaller oligomers of the protein. This dissociation was more
aggressive in salty solutions which enabled the elastin
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molecules to refold as it approached RT. However, the exper-
imental data (Fig. 8) suggest that there was always a remnant
fraction of small elastin aggregates even at RT that prevented
complete refolding of elastin. This conjecture is depicted in
schematic-I clearly.

Phenomenology of Thermoreversibility

First, it is necessary to understand the molecular structure of
elastin. Elastin (E) is constituted by linking together many
small soluble precursor tropoelastin (TE) molecules of typical
molecular weight of 50–70 kDa to generate the large insoluble
complex. Each tropoelastin typically consists of a sequence of
36 small domains, each weighing about 2 kDa. The molecular
structure consists of alternating hydrophobic and hydrophilic
domains.

Tropoelastin self-assembles at physiological temperature
due to the interaction between hydrophobic motifs that confer
elasticity to the structure and also lead to β-turn formations.
This process is thermodynamically controlled and does not

require protein cleavage. The hydrophobic domains are highly
stretchable from 20 to 160 nm. Baldock et al. [33] have shown
that the mean persistence length of TE is 0.36 nm and it has a
contour length of 166 ± 49 nm. TE monomer has a hydrody-
namic radius of 5.09 nm and radius of gyration of 6.2 nm that
ascribes an elongated conformation to this molecule. This
molecule has Young’s modulus of about 3 kPa [33, 34].

Clarke et al. have argued the disadvantages in the use of α-
elastin as a descriptor for the tropoelastin coacervation.
Because α-elastin is derived from elastin partly hydrolyzed
with oxalic acid, it consists mostly of hydrophobic elastin
fragments that are heterogeneous and crosslinked.
Tropoelastin on the other hand consists of alternate domain
structures [35]. It has been further shown that unlike most
proteins that show denaturation with increased temperature
and become less ordered, elastin polypeptides appear to get
more ordered eventually leading to the process of coacerva-
tion. This process has been described for tropoelastin, α-elas-
tin, and synthetic polypeptides mimicking the hydrophobic
domain sequences [36]. Jamieson et al. have shown that co-
acervation in the elastin system is not a second-order phase
transition. The protein hydrolysates exist in the cold solution
as monomeric α-fragments, which on warming to higher tem-
perature form isotropic and stable aggregates preferentially at
pH values near the isoelectric point [37].

In general terms, the coacervation pathway can be qualita-
tively visualized through a set of equilibrium steps given by

E½ �N↔ HE½ �x þ E½ �1−x ð1Þ
HE½ �n−1 þ HE½ �↔ E½ �agg ð2Þ
E½ �agg þ E½ �agg↔ E½ �ms ð3Þ

First, a fraction x of available elastin molecules [E] do
undergo partial heat-induced structural change to expose the
hydrophobic fragments of elastin [HE] which in turn associ-
ates with an existing oligomer [HE]n-1 to generate an elastin
aggregate [E]agg. [E]N and [HE]x represent the concentration
of native elastin and hydrophobic fragment of elastin
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respectively. In the final stage at TC these aggregates coalesce
to form the coacervate mesophase [E]ms. The dissociation
pathway can be described as follows

E½ �ms↔ E½ �agg↔ HE½ �olig↔ E½ �1−x þ HE½ �x ð4Þ

which can be approximated to a pseudo two-step process giv-
en by

E½ �ms↔ E½ �RT ð5Þ

When [E]RT = [E], it is fully reversible, and in the case of
partial reversibility ([E]-[E]RT) will describe the remnant frac-
tion of aggregated elastin that does not permit restoration of
elastin to its native state (vertical arrows in Fig. 8b). Further,
we treat [E]ms is the coacervate phase made of self-assembled
elastin units. Equations (1) to (5) are a qualitative representa-
tion of kinetics of coacervation pathway. It cannot be claimed
that all the [E]agg turned into [E]ms. However, in order to
provide a thermodynamic description of the coacervation pro-
cess, it was presumed that it involved a complete transforma-
tion of aggregates to mesophase.

However, as far as the dissociation process is concerned,
the abovementioned multiple step reaction can be simply de-
scribed through an equilibrium constant Keq involving an ap-
proximate two-step process where [E]ms dissociates to ap-
proach [E]RT during the cooling cycle (Eq. (5)). Thus, to first
approximation

Keq ¼ E½ �RT
E½ �ms

≈
100−%Tð ÞRT
100−%Tð Þms

ð6Þ

The solution turbidity depends on particle density (equiva-
lent to concentration) among other things. Therefore, to first
approximation, turbidity can be assumed to be directly pro-
portional to particle concentration assuming that particle form
factors do not change. Thus, the concentration of [E]RT and
[E]ms was assumed to be proportional to the turbidity of that

phase. Such simplification will facilitate quantitative estima-
tion of the free energy of coacervation ΔG using Arrhenius
description which is given by

Keq ¼ exp −ΔG=RTð Þ ð7Þ

The temperature-dependent turbidity profiles shown in Fig.
8b were fitted to Eq. (7) to determine the corresponding ΔG
values and the results are plotted in Fig. 10.

The heating path involved an activation free-energyΔGcoa

(coacervation free energy) while the same for the cooling path
it was ΔGDiss (dissociation free energy). The data shown in
Fig. 10 implies that the unicomplex formation through hydro-
phobic association of TE leading to coacervation was a ther-
mally activated process. On the contrary, on cooling, these
self-assembled complexes dissociated to their oligomer state
spontaneously facilitated by free-energy gain. The free-energy
change, ΔGchange = (ΔGcoa − |ΔGDiss|), is in fact identical to
the remnant [E] oligomer content (remnant turbidity at RT).
Therefore, their linear dependence with a positive slope is
indicative of the fact that elastin solutions in salty environment
undergo thermally activated self-assembly which on tempera-
ture reversal remain trapped in a partially unfolded state giv-
ing rise to an intrinsically disordered protein, IDP-like
situation.

Secondary structure

The secondary structure of elastin in coacervate samples was
monitored for heating and cooling cycle using circular dichro-
ism (Applied Photophysics Chirascan instrument, USA) mea-
surements in the temperature range of 30 to 60 °C (Fig. 11a).
The spectra show two prominent peaks one positive band at
195 nm, and one negative band at 205 nm, and a minor neg-
ative band at 225 nm. Figure 11a clearly shows molecular
ellipticity of these bands reduced with a rise in temperature
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indicating a decrease in helicity. In addition, the spectra clearly
showed that elastin exhibited thermoreversible change as
shown in the insets. There was a small hysteresis in CD spec-
tra of elastin in heating and cooling cycle data consistent with
the same noticed in turbidity. Therefore, it can be argued that
there was a loss in secondary structure (helix component) of
elastin with the rise in temperature and the consequent possi-
ble formation of intrinsically disordered protein-like structures
cannot be ruled out [38]. This conclusion was utilized in ar-
riving at a molecular level schematic shown in Scheme 1 and
Eqs. (1–4). For a given temperature, the two profiles do over-
lap to a good extent (Fig. 11). This indicated that at the mo-
lecular level, the secondary structure opened up during
heating and vice versa. Since the hydrophobic moieties of
proteins reside inside the core of the molecule to minimize
the free energy of the structures when in contact with water,

it is logical to argue that at a given temperature a partially
denatured structure of the elastin molecule will exist revealing
only a portion of its hydrophobic moiety, which is qualitative-
ly referred to as HE in this work. It needs to be emphasized
that what we have proposed in this model is at best a conjec-
ture based on data in hand.

Conclusions

We performed an extensive study to map the pH-dependent
physical properties of the elastin molecule and found that the
zeta potential was not completely symmetric about its isoelec-
tric pH. The protonated molecules were found to be in an
aggregated state with a mean size that was much larger than
their deprotonated counterparts. The particle size histogram

Scheme 1 Representative
depiction of thermoreversibility
of elastin (E) coacervation. The
hydrophobic motifs of elastin
self-assemble (HE) to form solu-
ble unicomplexes that coalesce to
form coacervate droplets prior to
mesophase separation. Legends:
RT is the room temperature, E is
the elastin, HE is the elastin with
hydrophobic parts exposed, and
Tms is the mesophase separation
temperature
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Fig. 11 Variation of circular dichroism spectra of elastin (a) heating and inset cooling cycle (b) in comparison with heating-cooling for 30 and 50 °C in
salt-free solution
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revealed considerable aggregation in the pH = pI ± 0.5 region
making this zone fertile for coacervation. The coacervation
kinetics of elastin precursor tropoelastin was mapped as a
function of solution ionic strength. This mesophase separation
was found to be strongly temperature dependent and the co-
acervation temperature could be lowered by as much as 5 °C
from its initial value of 38 °C (for salt-free sample). The sam-
ples were subjected to heating-cooling cycles that produced
hysteresis loops with loop area decreasing with ionic strength
which implied larger thermoreversibility of salty coacervates.
However, at room temperature, the heat-cool cycled sample
did reveal the presence of monomeric TE molecules only for
salt-free samples, but in all other samples there was clear ev-
idence of the existence of a remnant fraction of aggregated
elastin molecules. The size of this remnant aggregates in-
creased with the ionic strength of the samples. Estimation
of free energy of the coacervation and the dissociation
processes revealed that coacervate dissociation was free-
energy driven while the elastin self-assembly leading to
coacervation was hydrophobic and thermally activated.
This study attempts to provide an understanding to the
phenomenon thermoreversibity of elastin coacervates
which remains poorly explored hither to.
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