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ABSTRACT: Tropoelastin, the precursor of elastin, undergoes a rapid monomer to multimer association in
an inverse temperature transition. This association culminates in the rapid formation of stable, optically
distinct droplets of tropoelastin. Light scattering and microscope measurements reveal that these droplets
are 2-6 µm in diameter. Scanning electron microscopy confirms that the droplets are spherical. Three-
dimensional confocal image stacks based on the autofluorescence of tropoelastin reveal that droplets are
loaded with hydrated tropoelastin. Droplets are viable intermediates in synthetic elastin macroassembly.
Dense clusters of aggregated droplets and partially formed fibers develop when droplets are incubated in
the presence of a lysyl oxidase. Lysine-reacting chemical and enzyme-assisted cross-linking conditions
generate cross-linked beads due to interactions between multiple, surface-exposed lysineε-amino groups.
Droplets represent an efficient mechanism for the bolus delivery during elastogenesis of quantized packages
of preaccreted tropoelastin.

Elastic fibers impart extensibility and contractibility to
connective tissue, which is crucial for physiological function.
Elastic fibers are composed primarily of elastin which is a
substantially hydrophobic, chemically inert, and insoluble
protein mass under normal physiological conditions (1, 2).
Greater than 90% of the elastic fiber is composed of elastin.
The use of the soluble elastin precursor tropoelastin has
permitted in vitro modeling, leading to a greater understand-
ing of the complex interactions that occur in elastic fiber
biosynthesis (1, 3-7). Tropoelastin is unusual in that the
protein is both soluble and substantially hydrophobic. The
hydrophobic amino acids are localized in regions that are
punctuated by small hydrophilic domains that include cross-
linking domains (8-10). Cross-linking refers to the process
of formation of lysine cross-links on tropoelastin, initiated
by the enzyme lysyl oxidase, to form elastin (11-13).

Tropoelastin proceeds through a monomer to multimer
inverse temperature transition approaching 37°C in a process
termed coacervation (14). This process results in an aggregate
mass of protein (15), but it has been assumed that it involves
the stepwise addition of tropoelastin monomers. Early studies
proposed that coacervation increases order within tropoelastin
molecules and aligns them prior to cross-linking during
elastogenesis (12). During coacervation, the transformation

of alanine-rich, lysine-containing domains from nascent
helices toR-helices promotes the interaction of protein side
chains and aligns hydrophobic domains (16-18). The system
is reversible, with tropoelastin returning to its previous
soluble form when the coacervated solution is cooled (19).

Experiments in which coacervation is inhibited by incubat-
ing smooth muscle cells at less than 37°C demonstrate
decreased elastin formation (12). Tropoelastin coacervates,
studied by electron microscopy, appear to contain filaments
(20) and bundles of fibers (21). These results point to
coacervation as an essential step in the formation of elastin.

Early studies on the light scattering properties of coacer-
vating R-elastin provide evidence for the formation of
aggregates during coacervation, where at low temperatures
(the “off-critical stage”), elastin-derived molecules form
small aggregates driven by the poor solubility of its apolar
amino acids. In an approach to the critical temperature,
solubility decreases and the aggregates increase rapidly where
the driving force is an increase in the total entropy of the
system (15, 22).

More recent studies establish that an artificialR-elastin
coacervate consists of droplets about 1µm in diameter and
accounts for the light scattering that takes place in coacer-
vation. In this system, the slow off-critical self-assembly
process is regulated by supplemental electrostatic interactions
whereas the fast critical self-assembly process is controlled
essentially by hydrophobic interactions. At the critical
temperature, collapsing molecular aggregation ofR-elastin
based on hydrophobic interactions reveals an immediate
phase separation associated with large microcoacervate
droplets of a broad size distribution (23).

However, there are disadvantages in the use ofR-elastin
as a descriptor for the coacervation of the natural elastin
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precursor, tropoelastin. AsR-elastin is obtained from elastin
partly hydrolyzed with oxalic acid, it consists primarily of
hydrophobic elastin fragments that are heterogeneous and
cross-linked, rather than the alternative domain structure
observed in natural full-length tropoelastin (24).

In a recent study describing the interactions between
tropoelastin and part of fibrillin-1, we found evidence for
amassed tropoelastin as a probable assembly intermediate
on this part of fibrillin-1 (25). In the current study we explore
the physical basis and properties of droplets present in the
tropoelastin coacervate. We characterize the sizes and
composition of these droplets and detail their ability to
interact with and without cross-linking agents. Droplets are
an efficient protein-delivery mechanism of tropoelastin
packages for in vitro synthetic elastin formation.

MATERIALS AND METHODS

Reagents. Recombinant human tropoelastin was produced
as previously described (26). The concentrations of all protein
solutions were determined using the BCA assay kit (Pierce).
Pichia pastorislysyl oxidase (PPLO)1 was obtained as a gift
from Dr. J. M. Guss (School of Molecular and Microbial
Biosciences, University of Sydney) and from Dr. D. M.

Dooley (Department of Chemistry and Biochemistry, Mon-
tana State University) (27).

Light Microscopy of Tropoelastin CoacerVate. Tropoelas-
tin was prepared in PBS buffer at a concentration of 10 mg/
mL. An inverted light microscope (Olympus) with a mounted
camera (Sony Electronics) was used to capture images. The
20µL tropoelastin solution was placed between a microscope
slide and coverslip. The temperature of the slide containing
tropoelastin was then raised using an external heater until
coacervation of tropoelastin occurred. Photographs of the
process were captured using the camera. Applied heat was
removed, and as the solution cooled, the tropoelastin returned
to solution.

Dynamic Light Scattering Experiments of Tropoelastin
CoacerVate. Determination of the droplet sizes was per-
formed using 10 mg/mL tropoelastin in PBS with a high-
performance particle sizer (Malvern Instruments, Malvern,
U.K.) with the assistance of Prof. R. G. Gilbert and Dr. R.
Mahidasht, Key Centre for Polymer Colloids, University of
Sydney. A 2 mL tropoelastin solution was placed into a
plastic cuvette and allowed to equilibrate at the required
temperature for 5 min. Measurements were then taken over
the temperature range 25-37 °C.

Phase Contrast Microscopy of Tropoelastin CoacerVate
Containing BS3. Two microliters of the homobifunctional
cross-linker BS3 (60 mg/mL) (28) was added to 20µL of

1 Abbreviations: BS3, bis(sulfosuccinimidyl)suberate; PPLO,Pichia
pastorislysyl oxidase.

FIGURE 1: Tropoelastin coacervation consists of droplets. Tropoelastin solution was placed between a microscope slide and coverslip. (A)
Using an inverted light microscope the process of coacervation was photographed 10 s, (B) 12 s, (C) 14 s, and (D) 16 s after an external
heat source was applied. The appearance of droplets can be seen corresponding to coacervation. When formed, these droplets were of
uniform size and moved randomly. No interaction was observed between droplets. Scale bar) 10 µm.
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tropoelastin in PBS (10 mg/mL). The reaction was performed
on the surface of a microscope slide, with BS3 being added

last prior to applying the coverslip. The slide was then placed
under a phase contrast microscope (Olympus) with a mounted

FIGURE 2: Dynamic light scattering measurements of tropoelastin droplets. Dynamic light scattering measurements were performed on 10
mg/mL tropoelastin in PBS. (A) The droplet’s size was measured at 29°C, (B) 31 °C, (C) 32°C, (D) 33 °C, and (E) 37°C to display a
transition from monomer tropoelastin∼15 nm to multimer tropoelastin∼2-6 µm. (F) The reversibility of the system was demonstrated
upon cooling to 25°C at which the monomeric species returns.
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camera (Sony Electronics). An external heat source was used
to warm the slide until coacervation was observed. The
process was captured using the camera. The solution was
then allowed to cool to determine the irreversible nature of
the cross-linked material.

Confocal Microscopy of Tropoelastin Droplets.Tropoelas-
tin (10 mg/mL) was dissolved in PBS and mounted on 4-well

chamber slides (Lab Tek) and 12-well glass slides (ICN
Biomedicals). BS3 was added to cross-link the droplets. The
auto-fluorescence of tropoelastin (29) droplets was first
measured using images acquired from a Nikon Eclipse E800
microscope using a 100× oil, NA ) 1.30 objective. A
mercury lamp was used to excite tropoelastin with appropri-
ate cutoff filters. Standard FITC, rhodamine, and DAPI filter

FIGURE 3: Phase contrast microscopy of tropoelastin coacervate containing BS3. Tropoelastin solution was placed on a microscope slide.
The homobifunctional cross-linker BS3 was added to the tropoelastin solution, and an external heat source was used to heat the slide. (A)
Photographs were taken at 10 s, (B) 15 s, (C) 20 s, (D) 30 s, (E) 45 s, and (F) 1 min after droplet formation first appeared. Scale bar)
20 µm.
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sets were used for fluorescence imaging. Light microscope
micrographs and fluorescent micrographs were obtained
using a SensiCam 12 bit cooled imaging CCD camera (PCO
Imaging) and the software program CamWare Viewer Gold
version 2.2. Further images were acquired on the Nikon
Eclipse TE200 using a 100× oil objective (NA ) 1.30). A
solid-state laser 405 nm laser line was used to excite
tropoelastin. The filter cube was 450/35, 480 DCLP, and
the pinhole diameter was 30µm. Standard FITC, rhodamine,
and DAPI filter sets were used for fluorescence imaging with
a dichroic mirror DM 408/488/561. Single sections and 3D
stacks were acquired using high-speed gated detection system
and Nikon EZ-C1 software (Nikon). An image stack is
typically comprised of a series of 22 images captured at 0.1
µm intervals. A combination of software (Image J and
3DDoctor) was used to generate surface-rendered three-
dimensional images of droplets derived from the image
stacks.

Light Microscopy of the Tropoelastin CoacerVate Contain-
ing BS3.Tropoelastin solution containing cross-linker was
prepared as described above but was placed in the well of a
96-well microtiter plate (Greiner). Initially, 20µL of tro-
poelastin solution containing cross-linker was placed in the
well and allowed to cross-link as described above. After 10
min images of the resulting cross-linked material were
captured using a mounted camera attached to the inverted
light microscope. This was repeated using increasing amounts
of tropoelastin solution.

Light Microscopy of the Tropoelastin CoacerVate Contain-
ing P. pastoris Lysyl Oxidase.Using small wells on the lid
of a 96-well microtiter plate (Greiner), 20µL of tropoelastin
(5 mg/mL) was mixed with 2µL of P. pastorislysyl oxidase
(PPLO) (9 mg/mL). A coverslip was applied to seal each
well. The assembly was then viewed under an inverted light
microscope (Olympus) with a mounted camera (Sony
Electronics). Heat was applied until coacervation was
reached. Images were captured every minute over a period
of 4 h, during which time heat was constantly applied to
maintain coacervation. Images were then captured of the
resulting biomaterial. Orcein stain was prepared by dissolving
2 g of orcein in 90 mL of hot glacial acetic acid. The solution
was cooled and made up to 200 mL with water. Orcein stain
was then applied to the biomaterial for 30 min, the excess
stain removed, and the sample photographed.

Scanning Electron Microscopy. Samples were rinsed with
culture medium and fixed with 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer with 0.1 M sucrose for 1 h.
Subsequently, samples underwent postfixation with 1%
osmium in 0.1 M sodium cacodylate for 1 h and were then
dehydrated in ethanol solutions of 70%, 80%, 90%, and
100% (3 times), 10 min each. For drying, the samples were
immersed for 3 min in 100% hexamethyldisilazane after the

100% ethanol step. After HMDS treatment, the samples were
transferred to a desiccator for 25 min to avoid water
contamination. Next, samples were mounted on stubs, sputter
coated with 10 nm gold, and examined with a Philips SEM
505 at 30 kV (30).

RESULTS

Tropoelastin Forms a Droplet Corresponding to Coacer-
Vation.Tropoelastin solution was placed between a slide and
coverslip and then was gently heated upon which the solution
opacified due to coacervation. When viewed under an
Olympus inverted light microscope, the coacervate was found
to contain droplets (Figure 1) which formed evenly distrib-
uted, discrete entities and did not appear to fuse with other
droplets.

Particle Size Analysis of Tropoelastin Droplets.At tem-
peratures of up to 29°C, tropoelastin was a monomer of
∼15 nm in diameter (Figure 2A), in close agreement with

FIGURE 4: Autofluorescence confocal micrographs of tropoelastin droplets fixed with BS3. (A) Tropoelastin coacervate as viewed under
a light microscope. (B) Tropoelastin coacervate has intrinsic fluorescence as viewed under a fluorescent microscope. Images were acquired
on the Nikon Eclipse TE200 using a 100× oil objective (NA ) 1.30). Scale bar) 5 µm.

FIGURE 5: Three-dimensional reconstruction of a tropoelastin
droplet. (A) Example of a single image used to produce a three-
dimensional image stack of a tropoelastin droplet. The blue box
refers to the region of the image stack used in the reconstruction.
The red arrows refer to droplets that were used in three-dimensional
reconstruction. (B) Surface rendered three-dimensional image of
tropoelastin droplets fixed using BS3, as derived from an image
stack. The droplets consist of a compact mass of tropoelastin (yellow
arrow).
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previous estimates of a hydrodynamic radius around 6 nm
(31). Heating to 31°C gave droplets of average size∼5 µm
(Figure 2B). No intermediates were identified, revealing rapid
assembly from the monomer. The proportion of droplets
relative to monomer tropoelastin increased at 32°C (Figure
2C). At 33 °C the relative percent volume of droplets to
monomer tropoelastin suppressed the detection of the
remaining monomer tropoelastin in solution (Figure 2D). At
all temperatures, tropoelastin droplets were between 2 and
6 µm (Figure 2E). There was no detectable higher species,
confirming that the droplets were a defined size end product.
The monomer species returned upon cooling to 25°C,
demonstrating the reversibility of this system (Figure 2F).

Tropoelastin Droplets Can Interact in the Presence of a
Cross-Linking Reagent.Tropoelastin coacervate was viewed
under a phase contrast microscope and did not interact but
dissipated upon cooling. In contrast, in the presence of the
cross-linking reagent BS3, droplets irreversibly associated

and aggregated into clusters (Figure 3). Upon cooling these
aggregates did not dissipate, and droplets remained in an
approximately spherical shape. Increasing amounts of tro-
poelastin solution were mixed with BS3 and resulted in the
formation of larger and more dense networks of droplet
clusters.

Tropoelastin Droplets Visualized by Confocal Microscopy.
Droplets were fixed onto glass surfaces. Confocal microscopy
benefited from the intrinsic fluorescence of tropoelastin
(Figure 4). An image stack was captured at 0.1µm intervals
through several droplets (Figure 5A) and used to construct
surface-rendered three-dimensional images (Figure 5B). The
droplets were approximately spherical and contained at least
some protein as evidenced by fluorescence within the droplet
interior.

Aggregates of PPLO-Mediated Cross-Linked Tropoelastin
Droplets Form a Dense Biomaterial.Tropoelastin was heated
to coacervate in the presence of PPLO, giving discrete

FIGURE 6: Light microscopy of tropoelastin coacervate containing PPLO. Tropoelastin and PPLO were heated until coacervation was
reached. (A) Initally coacervation appeared as droplets when viewed using an inverted light microscope. (B) After 30 min the droplets
appeared to interact and cluster. (C, D) The clusters of droplets grew in size. (E) Sedimentation of these droplets occurred at 4 h after
coacervation. (F) The stacked clusters of droplets formed a dense biomaterial. Scale bar) 20 µm.
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droplets (Figure 6A). Due to amine oxidation and cross-
linking, after 30 min aggregates of droplets were observed
(Figure 6B). As time progressed, larger structures formed
with clustered droplets (Figure 6C,D). At 4 h, the ac-
cumulated masses of these large droplet clusters sedimented
(Figure 6E), leading to stacked droplet clusters and a
relatively dense biomaterial (Figure 6F).

Tropoelastin Droplets Are Able To Form Partial Fibers.
Large clusters of aggregated droplets contained fibers (Figure
7A), demonstrating that merged droplets were capable of
forming nascent fibers (Figure 7B,C).

Tropoelastin Droplets Are Spherical.Scanning electron
microscopy of droplets displayed a consistent population of
spheres (Figure 8).

DISCUSSION

In this study we defined the size, content, and interactions
of tropoelastin protein assemblies prior to and following
cross-linking. The tropoelastin coacervate is a cloudy suspen-
sion due to a transition from an∼15 nm tropoelastin

monomer to∼2-6 µm droplets at 31-32 °C with no
detectable intermediates. The volume of tropoelastin droplets
was large compared to monomer tropoelastin, so on a scale
of percent volume at temperatures above 32°C no monomer
tropoelastin was observed, indicating that the majority of
monomeric tropoelastin had been incorporated into the
droplets. At 37°C there were no detectable species larger
than about 6µm, indicating that the droplets did not interact
appreciably to form higher order species under these condi-
tions.

It is remarkable that no intermediates were detected in the
progression from monomer to droplet. This is consistent with
a rapid temperature-dependent association of monomers that
is dominated by hydrophobic interactions (16-18).

To test for the presence of hydrophilic regions on the
surface of droplets, we used the cross-linking reagent BS3,
which reacts with theε-amino group of lysine and forms a
synthetic elastin with properties very similar to those of
native elastin (28, 32). These lysines are dominantly found
in hydrophilic regions of tropoelastin. Interacting droplets
were trapped when BS3 was added to a coacervating solution
of tropoelastin, leading to large clusters of tropoelastin
droplets. This clustering confirms that exposed lysine
residues are on the droplet surface and allow for massive
cross-linking of multiple droplets.

Each droplet is approximately spherical and contains
hydrated tropoelastin, as evidenced by three-dimensional
optical sections. To avoid the formation of hollow entities,
droplets are likely to grow in an outward manner, as observed
in real time imaging of droplet formation, and reach a critical
size upon which no further tropoelastin can be incorporated
into the droplet.

A layered synthetic elastin biomaterial appeared following
the treatment of droplets with the lysyl oxidase PPLO.
Droplets interacted, linked, and then settled as clusters and
partially formed fibers, revealing that droplets are capable
of forming fibers. In vivo it is likely that multiple interactions
of tropoelastin droplets with moving cells are needed to
define the spatial organization of nascent elastic fibers (38).

This study demonstrates that the tropoelastin coacervate
consists of approximately spherical droplets of a fixed
diameter and uniformity, with lysine residues on their
hydrophilic surfaces. In the presence of lysine cross-linking

FIGURE 7: Partial fiber formation following PPLO treatment and coacervation of tropoelastin. (A) When stained with orcein, the biomaterial
produced also contained remnants of fibers. (B, C) These fibers were interdispersed with droplets as seen in the inverted image where the
early formation of fibers was achieved through aggregates of coacervated tropoelastin droplets. Scale bar) 30 µm.

FIGURE 8: High-magnification scanning electron micrograph of
tropoelastin, showing the spherical appearance of the tropoelastin
droplets. Note that these droplets closely interact and form intricate
clusters, confirming the earlier light optical observations. Image
data were acquired in eucentric position on a SEM 505 microscope
at a magnification of 7500 using 30 kV as accelerating voltage
and 6 nm as spot size. Scale bar) 10 µm.

Tropoelastin Associates during Coacervation Biochemistry, Vol. 45, No. 33, 20069995



reagents, fibrous and clustered aggregates of droplets are
produced. This result alters our view of tropoelastin coac-
ervation, in which we now view coacervation as the process
of aligning monomer tropoelastin in a droplet arrangement
for delivery to a growing elastic fiber.
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