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The kinetics of aqueous two-phase system (ATPS) formation for elastin-like polypeptides (ELP) with defined
chemical composition and chain length was investigated by dark field microscopy in an on-chip format with a
linear temperature gradient. Scattering intensities from peptide solutions in the presence and absence of sodium
dodecyl sulfate (SDS) were recorded as a function of temperature and time, simultaneously. It was found that the
formation of the ATPS for three ELPs of different molecular weights (36 075, 59 422, and 129 856 Da) in the
absence of SDS followed a coalescence mechanism, and the rate constant and activation energy were independent
of chain length. With the introduction of SDS into the ELP solutions, the rate constants were attenuated more
strongly with increasing chain length. Moreover, the coalescence process in the presence of SDS showed non-
Arrhenius kinetics as a function of temperature. For the two shorter ELPs, ATPS formation occurred via coalescence
at all SDS concentrations and temperatures investigated. On the other hand, the coalescence process was greatly
suppressed for the longest ELP at elevated temperatures and higher SDS concentrations. Under these circumstances,
ATPS formation was forced to proceed via a mixed Ostwald ripening and coalescence mechanism.

Introduction which are being joined. On the other hand, Ostwald ripening
involves the desorption of single macromolecules from shrinking
The formation of an aqueous two-phase systéntom- particles and their deposition onto growing particles. The rate

mences when a macromolecular system spontaneously separatg®nstants of ATPS formation for elastin are consistent with a
into two separate water-containing phases. Such phenomen&oalescence mechanism, although the process can be forced to
often involve two polymers separating into distinct phases with proceed through Ostwald ripening by the addition of sodium
different densities. ATPS formation may also occur in solutions dodecyl sulfate to the solution.
consisting of a single polymer plus a high concentration of an ~ We suspected that the mechanism of ATPS formation might
appropriate sdlt’ or even in the absence of salt for certain be dependent on the molecular weight of the polymer; however,
thermoresponsive polymeftslO In this final case, ATPS forma-  the natural productp-elastin, is a mixture of cross-linked
tion occurs above the polymer’s lower critical solution temper- materials that is highly polydisperse. Therefore, to obtain more
ature (LCST). For these systems, a denser polymer-rich phasecontrol over the molecular weight, we employed elastin-like
is formed on the bottom of the container, while the upper phase polypeptides. ELPs are based on a repetitive pentapeptide motif,
consists primarily of pure water. Since the phase boundary in Val-Pro-Gly-Xaa-Gly, where the guest residue, Xaa, is any
an ATPS has very low interfacial tensidhthese systems have amino acid except Pro. The sequence and chain length can be
been widely applied as tools for bioseparations without signifi- precisely controlled by genetic expression in bacteria using
cant interfacial denaturing effects.14 recombinant DNA techniquéd:?2 The work described herein
Despite the practical and fundamental significance of ATPS Was undertaken with three different molecular weight species
formation, there is almost no literature dealing with its formation (36 075, 59 422, and 129 856 Da) to investigate the effect of
kinetics because of the difficulties involved in data collection. c¢hain length on the kinetics of ATPS formation. It was found
To remedy this problem, we recently developed a temperature-that coalescence in the absence of SDS is not dependent on the
gradient microfluidic techniqué~17 that allows ATPS formation cham length of the ELPs; however, SDS increases t_he activation
to be followed in a high-throughput, low sample volume barrier for the coalescence process of longer-chain ELPs to a
fashion!8 This enabled us to explore the activation energy of 9greater extent than for shorter ones. In fact, the ATPS formation

the process foe-elastin, a thermoresponsive protein, which was Process could be forced to go by Ostwald ripening at higher
prepared by the methods of Partridge etdt.was found that temperatures and SDS concentrations in the case of the 129 856
there are two major mechanistic pathways through which ATPS Da ELP, but not for the two smaller molecules.

formation could proceed: coalescence and Ostwald ripening.

Coalescence is the dir_ect fusion of_one_ par_ticle with another to Experimental Section

make a larger one, while Ostwald ripening involves the growth

of particles through the tran_sfer of individual molecules between  The ELPs employed herein come from a library of ELBYGs-n]

them such that bigger particles grow at the expense of smalleryhere the repeat sequence of amino acids is the same. Members within
ones?® Each process has a different activation barrier associatedthe library differ only in their chain length, whereis the number of

with it. In the case of coalescence, the barrier comes from the pentapeptides. For example, ELRMG3-90] consists of 90 pentapep-
removal of intervening solvent molecules between the particles tides and has a repeat unit composed of 10 pentapeptides with the guest
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residues Val, Ala, and Gly in a 5:2:3 ratio. Since only this one chemistry 38

was employed in the experiments below, the notation for the ELPs is ® ELP- 90 Mw 36,075

simplified to ELP-90 (36 075 Da), ELP-150 (59 422 Da), and ELP- ¢ - | 2 ELPASO Mw 8422

330 (~129 856 Da). _ 36 - - w159, . s
Low-conductivity HO, produced from a NANOpure Ultrapure Water e 35| ® 5

System (Barnstead, Dubuque, IA) with a minimum resistivity of 18 s = o]

MQ-cm, was used to prepare sodium phosphate buffer solutions (10 "& 34 - -

mM, pH = 7.0). Sodium dodecyl sulfate was obtained from Fluka. o s3] ° = = g

ELPs were dissolved in the buffer at concentrations of 13.3 mg/mL Q = o =

with various concentrations of SDS. It should be noted that we always E 32 * o

kept the concentration of SDS well below its critical micelle concentra- ﬁ = £

tion (cmc), which is about 8.1 mM near room temperature in polymer- 311 - = *

free solutior?® 30 . . . , , , ,
ATPS kinetics was followed using a temperature-gradient apparatus 0 1 2 3 4 5 6

laced on a dark field microscope. The fabrication of the temperature- .
gradient device has been desgribed previotish?. Briefly, a C(’))ver SDS Concentration (mM)

glass acting as a sample stage and heat conductor was mounted on topigure 1. LCST values of ELPs with different molecular weights as

of two parallel brass tubed/{ in wide, K & S Engineering, Chicago, a function of SDS concentration.

IL), through which hot and cold antifreeze solutions could be ) ) .

individually flowed using standard water bath circulators (Fisher concentrations? At higher concentrations, however, the SDS
Scientific, Pittsburgh, PA). Rectangular borosilicate capillary tubes Molecules sufficiently coat the ELP to form polymer-bound
(VitroCom, Inc.) with dimensions of 2 cnk 1 mm x 100xm (length micelles. This coating should decrease the surface tension of
x width x height) were used as sample containers and placed parallelthe polymer/aqueous interface. Furthermore, the electrostatic
to the temperature gradient. Light scattering from the peptide solutions repulsion between charged polymer-bound micelles will also
was monitored via a CCD camera (Micromax 1024, Princeton Instru- come into play?* This combination of electrostatic repulsion
ments) using dark field optics under an inverted microscope (Nikon, and a lowering of the surface tension for the ELP molecules
TE2000-U). Two different polymer solutions with previously measured should impede collapse and aggregation of the particles. In fact,
LCSTs served to calibrate the slope of the gradient for each previous studies have shown that SDS tends to prevent

experiment® ¢ The first solution was 10 mg/mL poliisopropy- intermolecular aggregation of the polymer chaifs.
lacrylamide) in HO with a known LCST of 30.2t 0.1°C, and the The model described above was further tested by dynamic
second was 10 mg/mL polyisopropylacrylamide) in 2 0.7 M KCI  |ight scattering measurements at varying SDS concentrations

solution with a known LCST of 26.@ 0.1°C. Six rectangular capillary for the three ELPs at a temperature just below the onset of the
tubes could be fit side-by-side under & dbjective, and time-lapse LCST, 25°C (Figure 2). As expected, the ELPs tend to form
ceD Images were taken eyeb s to fOHOW_ the kinetics of ATPS aggregates in the absence of SDS. The change in mean aggregate
formation. The temperature along the capillary tubes could be deter- size closely tracked changes in the LCST value as SDS was
mined by counting the pixels in a linescan drawn along the temperature added. Low concentrations of SDS showed little or no effect
grad.'em In the CCD IMages. ) . on the particle size. In the case of ELP-330, a small increase in

Diameters of the ELP particles as a function of SDS concentration mean particle size could actually be noted by the addition of 2
were measured by dynamic light scattering (DLS) using a Brookhaven MM SDS. At higher SDS concentrations. the mean particle size
Instruments 90Plus particle size analyzer at agattering angle and dropped aramgtically for all three ELPs’ p

25 °C. The light source was a 35 mW diode laser at 632.0 nm. To ; in th ¢ h
measure the mean diameter of the particles formed in ELP solutions, A 1PS Formation in the Absence of SDS.Under the

the autocorrelation functions were analyzed by ZetaPlus Particle Sizing CONditions of these experiments, ATPS formation took place
Software version 3.46. over the course of several hundred seconds as evidenced by a

decrease in scattering intensity of the precipitated ELPs with
time. The end point of ATPS formation was judged to have
Results occurred once no significant scattering from the ELP solutions
could be detected. The entire process was recorded by a time-
LCST of ELPs. In a first set of experiments, the LCSTs of |apse image series. A three-dimensional plot of the light
ELP-90, ELP-150, and ELP-330 were measured with varying scattering intensity versus temperature and time for 13.3 mg/
SDS concentrations under a dark field microscope. The initial mL ELP-150 in 10 mM phosphate buffer is shown in Figure
images were captured within a few seconds of placing the 3a as an example. At any given temperature, the decay of the
samples on the temperature gradient. A line scan was drawnscattering intensity as a function of time could be fit by a single-
parallel to the temperature gradient across each sample, and thexponential decay function (eq 1)
onset point for the LCST of each ELP is plotted as a function
of SDS concentration in Figure 1. As can be seen from the data, y=y,+ae" (1)
the LCST decreased with increasing molecular weight of the
macromolecules. This result is in good agreement with previous where y is the intensity of the scattered lighyp is the
studies performed in the absence of SBB% The LCSTs of background intensitya is a proportionality factork is the rate
all three ELPs initially decreased at low SDS concentration but constant for the process, ands time. A sample curve from
then began to rise with increasing SDS concentration. This this data set at 40.0C is shown in Figure 3b. By fitting the
behavior is reminiscent of the effects observed for sodium data, the rate constants of ATPS formation for ELPs with
n-alkyl sulfates withn = 5—8 on the LCST of poly{- different chain lengths could be determined as a function of
isopropylacrylamide§* The initial depression of the LCST is  temperature (Figure 3c). It was readily observable khatlues
likely caused by hydrophobic interactions between the SDS andincreased with increasing temperature, and they were quite
the polymer. It is known that small hydrophobic alcohols such similar for different chain lengths at a given temperature. The
as n-butanol give rise to similar salting-out effects at all temperature dependence of the rate constant could be expressed
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Figure 2. Particle size distributions for 13.3 mg/mL ELP solutions at 25 °C with varying SDS concentration. The molecular weight of the ELP
and the concentration of SDS are indicated on each plot.
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Figure 3. (a) A three-dimensional plot of light scattering intensity versus time and temperature of a 13.3 mg/mL ELP-150 solution. (b) A curve

fit to data in (a) by eq 1 at 40.0 °C. (c) The rate constant, k, for ATPS formation of ELPs with different molecular weights as a function of
temperature. (d) Arrhenius plots of the data from (c).

by the Arrhenius equation For the longest ELP chain length investigated, ELP-330, the

addition of SDS into the peptide solution changed the ATPS
formation process dramatically even at low concentration. Figure
5 shows the three-dimensional plots of light scattering intensity

versus time and temperature at SDS concentrations of (a) 0 mM,
activation energy, antl is the temperature in Kelvin. A plotof  (b) 0.6 mM, (c) 1.4 mM, and (d) 1.8 mM, respectively. The

In(k) versus 1T for these data is shown in Figure 34E can decay of scattering intensity with time is clearly slowed by the
be obtained from the slope of the linear regression curve. The addition of SDS at high temperature and SDS concentration.
value of AE was 8.4+ 0.5 kcal/mol regardless of the chain  This phenomenon was observable from the 3-D plots when the
length of the ELP. Such first-order kinetics is consistent with  SDS concentration reached 0.6 mM and was more pronounced
ATPS formation via a coalescence process, which is analogousat 1.4 mM. At 1.8 mM SDS, the ATPS formation rate was
to the behavior ofx-elastin in phosphate bufféf.In fact, the inhibited from coming to completion at sufficiently high
values for the activation energy are almost identical to those of temperature (Figure 5d).

coalescingu-elastini® In contrast to ELP-90 and ELP-150, very low SDS concen-
ATPS Formation in the Presence of SDSThe introduction trations caused drastic changes in the rate constant of ATPS
of SDS to the ELP solutions suppressed the rate constant forformation for ELP-330, and the process could not be fit by first-
ATPS formation. Figure 4a shows the rate constant of coales-order kinetics at higher temperatures for those SDS concentra-
cence obtained by fitting with eq 1 for ELP-90 at various SDS tions above 1.0 mM. For the ELP-330 solution containing 1.8
concentrations. At low surfactant concentrations, the rate mM SDS, the rate of ATPS formation decreased dramatically
constant dropped only at elevated temperatures, but at sufficienttcompared to the same solution without SDS and did not follow
SDS concentrations, the rate decreased over the entire temperfirst-order kinetics at higher temperatures. Figure 6a shows the
ature range investigated. The effect of SDS on ELP-150 was scattering intensity of an ELP-330 solution with 1.8 mM SDS
qualitatively similar to that for ELP-90 (Figure 4b), but more as a function of time at different temperatures. From Figure 6a,
pronounced. Indeed, similar SDS concentrations already led toit can be readily seen that the shape of the curves changed
a drop in the rate at lower temperatures for the longer gradually between 35.1 and 43Q. At the lowest temperatures,
polypeptide. Although SDS lowered the rate constant of the fitto eq 1 (first-order kinetics) was excellent, while it became
coalescence, the decay of light scattering intensity with time increasingly poor as the temperature was increased.
still could be well-fit by eq 1, and ATPS formation appeared Figure 6b plots the reciprocal of scattering intensity vs time
to go to completio#” The three-dimensional plots for scattering for temperatures between 40.1 and 4&1 The idea for plotting
intensity vs time and temperature for ELP-90 and ELP-150 at the high-temperature data in this fashion was to determine
various SDS concentrations look very similar to each other and whether the scattering intensity attenuation followed the equation

are consistent with a coalescence mechanism in both cases (datfor second-order kinetics, which is consistent with Ostwald
not shown). Unfortunately, however, the decrease in rate ripening

constants with temperature made it impossible to obtain
activation barriers using standard Arrhenius analysis (Figure 1_ kt+ C ®)
4c,d). y

k= Aexp(—AE/RT) (2)

whereA is a prefactorRis the gas constanAE is the apparent
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Figure 4. The rate constant, k, for ATPS formation at different SDS concentrations as a function of temperature for (a) ELP-90 and (b) ELP-
150. The data for (c) ELP-90 and (d) ELP-150 are replotted as In(k) vs 1/T. All k values were obtained by employing eq 1.

45

Figure 5. Three-dimensional plots of light scattering intensity versus time and temperature of a 13.3 mg/mL ELP-330 solution at different SDS

Here,y stands for the light scattering intensity,is a constant

As can be seen, the data at 43C1(see insert) fit this equation

which represents the reciprocal of the scattering intensity at thebetter than the data near 40°C, which were more highly
onset of ATPS formatiork is the rate constant, artds time.

curved. However, none of the data could be categorized as
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S 12 . asacc ATPS as a Function of ELP Concentration in the Presence

o ° 358°C of SDS.It should be noted that all the experiments described
=~ 1.0 Do above were conducted with 13.3 mg/mL of the respective ELPs.
:E' « 371%C Therefore, the concentration of monomer was the same in each
@ 081 L oee system, but the concentration of polymer chains varied. In fact,
“2 0.6 o 386° the molar concentration of ELP-90 was 0.37 mM, while the
= L e concentrations of ELP-150 and ELP-330 were 0.22, and 0.10
D 041  401°% mM, respectively. Therefore, the changes in mechanism for the
= o2 : :ffg largest ELP could have been caused by changes in molar
§ ° #16°C concentration as well as molecular weight. Several control
8 0o . . . : . ) : ::;g experiments emphasized the importance of molecular weight
@D 4 100 200 300 400 500 600 700 ° 431° effects (data not shown). For example, a control experiment

was performed with 29 mg/mL ELP-330, which matches the

molar concentration of ELP-150 at 13.3 mg/mL. In this case,

ELP-330 showed the same change in mechanism from one
dominated by coalescence to one dominated by Ostwald
201% | 45 (b) ripening. This change occurred at somewhat higher SDS
405° | 45/ : concentration (6 mM) than was the case for 0.10 mM ELP-330
41-1:'3 11 // (1.8 mM). However, ELP-150 showed no tendency to switch

e | o] to an Oswald ripening mechanism for ATPS formation at 6 mM

SDS and 0.22 mM ELP.
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ELPs undergo reversible phase transitions in aqueous solu-
. . . . . tions above their LCST8-30 The peptides form coacervate
200 200 400 500 600 droplets abovg the transition temperature due to t'he collapse
and aggregation of peptide molecufésUpon standing, the
suspension clears with the formation of the ATPS. It is generally
thought that in undisturbed solutions the coarsening of particles

-
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0.030

follows a coalescence mechanism if the interfacial tension is
0.025 reasonably high? On the other hand, Ostwald ripening con-
0.020 o ELP-3305DS OmmM tributes in systems with sufficiently low interfacial tension. The
v ELP-330 DS 0.6 mM coalescence of droplets is an activated process which involves
< 0.015 RS M the removal of the interfacial solvent film between two
0.010 o ELP330SDS16mM parncle_s?3 The kinetics of the process is closely related to the
. interfacial tension between the particles and the sol¥ent.
0.005 For the ELPs used in the present studies, the chemical
0.000 — o structures were identical, but the chain lengths of the polymers
34 35 36 37 38 39 40 41 42 43 44 varied. The interfacial tension between ELP particles and water

Temperature (°C) in the _absence of SDS for different chain Iength_s was identicgl
as evidenced by the rate constants and activation energies

Figure 6. (a) Light scattering intensity of & 13.3 mg/mL solution of obtained. The simple ATPS formation process for ELPs without

ELP-330 with 1.8 mM SDS at various temperatures as a function of

time. (b) Reciprocal plot of scattering intensity vs time for ELP-330 SDS is illustrated in the top line of Figure 7.

with 1.8 mM SDS at various temperatures. The inset shows a blowup When SDS is added to an ELP solution, hydrophobic
of the y-axis for data taken at 43.1 °C. (c) The rate constant, k, association can occur between the surfactant and the péptide.
obtained from first-order kinetics of ELP-330 at different SDS When the temperature is higher than the LCST, the ELP

concentrations as a function of temperature. undergoes hydrophobic collapse, and the SDS molecules are

. L presumably expelled from the inside of nascently formed
obeying purely second-order kinetics. Indeed, the data repre- i, hentide aggregates and forced to adsorb onto their surfaces
sented a mixture of first- and second-order kinetics. However, ,«te-q (Figure 73336 It has been previously shown that the

as the temperature was elevated, the fit to a second-orderinqqyction of sodium dodecyl sulfate decreases the interfacial
equation became better. This suggested that the ATPS formationengioR0 petween ELP particles and lowers the rate of coales-
process for ELP-330 followed a coalescence mechanism at lowencel8.340n the basis of the results described in Figure$3
temperature, but continuously changed over to Ostwald ripeningit s clear that ATPS formation proceeds in a molecular weight
with increasing temperature. dependent fashion when SDS is introduced to the system.
Another illustration of the turning off of the coalescence  Molecular weight dependent interactions with SDS have been
mechanism for ELP-330 is shown in Figure 6c. In this case, found for a variety of aqueous polymer systems including poly-
data at lower temperatures and SDS concentrations are fit to eqethylene glycolP7—3° poly(vinylpyrrolidone)#*4Lhydrophobic
1. As can be seen, theversusT plots were already curved for  ethoxylated urethan® and cationic hydroxyethyl cellulosg.
0.2 mM SDS at higher temperatures. Furthermore, even lower In those cases, it was generally found that surfaetpotymer
temperature data showed nonlinear behavior in the presence ofnteractions were weak at low molecular weight, became
1.8 mM SDS, and data above 380 needed to be omitted, as increasingly strong as the polymer chain was lengthened, and
they were impossible to fit by first-order kinetics. eventually became molecular weight independent above a
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Figure 7. Schematic diagram of the ATPS formation process for ELPs with different chain lengths in the presence and absence of SDS.

threshold valué’—3%44 Such results have been interpreted as conditions. Consequently, the barrier to coalescence should
an increase in the apparent hydrophobicity of the polymer as increase as the temperature is raised. In the case of ELP-90
the chain length increaséwhich allows for more favorable  and ELP-150, this only caused a decrease in the rate of ATPS
interactions with SDS moleculé3#6Despite a variety of surface ~ formation, but the dominant reaction mechanism was still a
tension3” conductivity3” NMR,3° photoluminescence prolje, coalescence process, as all data could be fit by first-order
and isothermal calorimetry (ITC) studié®3®4’the mechanism  kinetics. In the case of ELP-330, however, the activation barrier
for this phenomenon remains a matter of debate. The interactionsto coalescence was finally elevated sufficiently in the presence
are, however, generally believed to be complex. For example, of 1.8 mM SDS and temperatures exceeding 3&1hat the
both endothermic and exothermic interactions have been founddominant mechanism for ATPS formation began to shift to
by ITC.383%42Furthermore, ior-dipole as well as hydrophobic ~ Ostwald ripening. The evidence for this is clearly shown in
interactions have been proposed to explain the proteéd? Figure 5d. Ostwald ripening tended to make the size of the
In the present system, the rate constants for coalescence oparticles in the solution uniform and proceeded ever more slowly
ELP-330 solutions are decreased dramatically in the presencewith increasing particle sizZ&. The lack of completion of the
of SDS at fairly low concentrations compared to those for ELP- ATPS process can be considered the hallmark of an event that
90 and ELP-150 (Figures 3 and 5). Such a result is consistentis dominated by Ostwald ripenii§.A schematic drawing of
with the idea that the activation barrier to coalescence is raisedthis final pathway is presented on the bottom of Figure 7.
dramatically as a function of chain length. This in turn explains
why only the longest ELP undergoes ATPS formation via
Ostwald ripening rather than the shorter molecules in the Conclusions
presence of SDS. In fact, one would have expected to find the
opposite result if the barrier to coalescence were not affected The results reported in this paper describe the kinetics of
by the polymer chain length in the presence of SD%? Indeed, ATPS formation for ELPs with defined chemical composition
if the barrier to coalescence were sufficiently high for all chain and chain length in the presence and absence of SDS. The
lengths, then all of the ELP systems would be forced to undergo following conclusions about the mechanism of ATPS formation
ATPS formation via Ostwald ripening. As noted above, this for ELPs can be drawn: (1) In the absence of SDS, ATPS
process involves the removal of single macromolecules from formation followed a coalescence pathway, and the rate
shrinking particles and the addition of these polymer chains to constants and activation energy of this process were independent
growing particles. Therefore, a multivalency effect might be of the chain length of the ELP. (2) The coalescence of ELP
expected, whereby the activation barrier to chain removal would particles in the absence of SDS showed Arrhenius kinetics as a
go up with chain length. This effect is probably obscured here function of temperature. (3) In the presence of SDS, there is a
by the chain length dependence of the activation barrier to chain length dependence for coating ELPs with surfactant; and
coalescence. Although performing experiments with longer chain at sufficient chain lengths, SDS concentrations, and tempera-
length ELPs might help resolve this issue, they are very difficult tures, the ATPS formation process is forced to proceed via

to synthesize using current technoldgy? Ostwald ripening. (4) The coalescence process for ELPs in the
A final issue that needs to be addressed is the non-Arrheniuspresence of SDS exhibits non-Arrhenius kinetics as a function
kinetics of the coalescence rate constants for the -E:PS of temperature, which is most likely related to the temperature

systems. Figures 4 and 6c¢ clearly show that the rate constantdependence of the hydrophobic interactions between ELPs and
first increases with temperature, but then decreases sharplySDS.

Previously, analogous non-Arrhenius kinetics have been ob-
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