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1. Introduction

Unusual liquid-liquid phase transition in aqueous
mixtures of a well-known dendrimerfy

Viviana C. P. da Costa and Onofrio Annunziata*

Liquid—liquid phase separation (LLPS) has been extensively investigated for polymer and protein solutions
due to its importance in mixture thermodynamics, separation science and self-assembly processes.
However, to date, no experimental studies have been reported on LLPS of dendrimer solutions. Here,
it is shown that LLPS of aqueous solutions containing a hydroxyl-functionalized poly(amido amine)
dendrimer of fourth generation is induced in the presence of sodium sulfate. Both the LLPS temperature
and salt—dendrimer partitioning between the two coexisting phases at constant temperature were
measured. Interestingly, our experiments show that LLPS switches from being induced by cooling to
being induced by heating as the salt concentration increases. The two coexisting phases also show
opposite temperature response. Thus, this phase transition exhibits a simultaneous lower and upper
critical solution temperature-type behavior. Dynamic light-scattering and dye-binding experiments
indicate that no appreciable conformational change occurs as the salt concentration increases. To
explain the observed phase behavior, a thermodynamic model based on two parameters was developed.
The first parameter, which describes dendrimer—dendrimer interaction energy, was determined by iso-
thermal titration calorimetry. The second parameter describes the salt salting-out strength. By varying
the salting-out parameter, it is shown that the model achieves agreement not only with the location of
the experimental binodal at 25 °C but also with the slope of this curve around the critical point. The
proposed model also predicts that the unusual temperature behavior of this phase transition can be
described as the net result of two thermodynamic factors with opposite temperature responses: salt
thermodynamic non-ideality and salting-out strength.

can be readily modified into a high number and a variety of
functional groups in order to tune both the solubility of these

Liquid-liquid phase separation (LLPS) of aqueous solutions
containing biological and synthetic macromolecules has received
much attention from a theoretical and practical point of view.'™
This phenomenon has been used not only to characterize
molecular interactions in solution®® but also to represent an
important process for applications in the fields of materials
science,’ '? separation science,">"* catalysis,">'° biology*> 7'
and biotechnology.”"%°

Dendrimers are hyperbranched macromolecules that con-
sist of a multifunctional central core to which branching units
are sequentially added, resulting in a tree-like structure.?! The
number of branching points, when going radially from the core
towards the surface, defines the dendrimer generation (G).
Dendrimers can be synthesized in a wide range of generations.
Furthermore, the terminal groups on the dendrimer outer shell
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macromolecules in a given solvent and their binding affinity
towards target ligands.*"**

The dendrimer tree-like structure gives rise to the formation
of internal cavities. This structural property is very important
for host-guest interactions**> and the applications of dendri-
mers as drug-delivery carriers,?*® nanoreactors,>>>°*° extracting
agents®™** and as building blocks or templates for self-assembly
processes.>* 3¢

There is a substantial overlap between the scopes of dendri-
mers and LLPS applications. For example, the LLPS of dendrimer
solutions could be used to reversibly produce a dendrimer-rich
phase (coacervates”) and a remaining liquid phase significantly
depleted in dendrimer concentration. In the case of catalysis,
a thermoregulated formation of coacervates of dendrimer nano-
reactors could be employed to separate these catalytic materials
from the reaction products. In the case of extraction, coacerva-
tion could be used to separate the molecules sequestered by the
host dendrimers from solution with applications to purifica-
tion and drug loading. Finally, the combination of LLPS and
chemical crosslinking could be applied to produce dendrimer
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nanoparticles and microspheres with high guest loading capacity,
relevant to drug delivery applications.

In relation to phase separation, there are a few studies on
thermoresponsive dendrimers showing temperature-induced
dendrimer aggregation in aqueous solutions.>’”** The aggre-
gation is induced by ad hoc modifications of the dendrimer
structure by either incorporating well-known thermoresponsive
groups,””® or by an appropriate balance of hydrophilic and
hydrophobic moieties.** In relation to LLPS, there are theore-
tical studies on dendrimer systems.***® However, to our knowl-
edge, there is no experimental study on this phase transition.

Here, we report an experimental and theoretical investiga-
tion on the LLPS of aqueous solutions of a poly(amido amine)
(PAMAM) dendrimer.*! There are many experimental investiga-
tions on PAMAM dendrimers relevant to drug delivery,*”*?
catalysis®?**® and synthesis of metal nanoclusters.’® Furthermore,
there is also a broad range of related fundamental studies on
dendrimer conformation and flexibility.>*

The dendrimer chosen in this work is the hydroxyl-
functionalized PAMAM of fourth generation (PAMAM-OH, G4).
This dendrimer is expected to be preferentially hydrated in
aqueous solutions due to the hydrophilic nature of the hydroxyl
terminal groups. Thus, LLPS may be observed in the presence of
salting-out agents as described for proteins’ and polymers.***”
In this work, we show that LLPS can be induced in the presence
of sodium sulfate. The observed phase transition has a unique
thermal behavior, which is qualitatively different from that
normally reported in the case of other macromolecules.

2. Experimental section
2.1 Materials

Hydroxyl-functionalized poly(amido amine) dendrimers of
fourth generation (PAMAM-OH, G4) were purchased from
Dendritech, Inc (Midland) in a methanol solution. Methanol
was removed by drying dendrimer samples in a vacuum oven at
50 °C. The dried samples were then dissolved in water and the
drying procedure was repeated to remove residual amounts of
methanol. Deionized water was passed through a four-stage
Millipore filter system to provide high-purity water for all the
experiments. Dendrimer-water stock solutions (20-40% w/w)
with a total mass of ~0.5 g were then prepared by weight. The
dendrimer molecular weight used to calculate molar concen-
trations was 14.3 kg mol . Sodium sulfate was purchased from
J.T. Baker (New Jersey, USA). A salt-water stock solution of 1 L
was prepared and its composition (18.31% w/w) was deter-
mined from density measurements on properly diluted solu-
tions using a digital density meter (Mettler/Paar, DMA40),
thermostated at 25.00 & 0.01 °C. Density values were converted
into the corresponding concentrations using the known®® rela-
tionship between density and salt composition. The concen-
tration of this stock solution was periodically checked. Copper
sulfate and N,N-dimethylindoaniline dye (phenol blue) and
N-(2-acetamido)-2-aminoethanesulfonic acid (ACES) were pur-
chased from Sigma Aldrich (Missouri, USA). Triethanolamine
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and silicone oil were purchased from Fisher Scientific
(New Hampshire, USA).

2.2 Turbidity assay

The LLPS temperature, Ty, was determined by measuring the
turbidity of ternary dendrimer-salt-water samples as a function
of temperature. A ternary homogenous small sample (& 100 pL)
with a given composition was prepared by mixing known amounts
of water, dendrimer and salt stock solutions. The known weight
fractions of dendrimer and salt in the ternary mixture were then
converted into dendrimer volume fraction, ¢y, and salt molar
concentration, Cs, after estimating the sample density using
the known®® volumetric properties of binary sodium sulfate-
water solutions and the dendrimer specific volume specific
volume of 0.817 g cm 3.%° More details are available in the ESL{
All samples for turbidity measurements were allowed to equili-
brate for two days at a temperature at which they were homo-
geneous. We note that T, was found to strongly depend on
salt concentration. Thus, errors in T, values due to water
evaporation were minimized by layering silicon oil on our small
samples.

The turbidity meter is comprised of a programmable circu-
lating bath (1197P, VWR), a calibrated thermocouple (+0.1 °C),
and a homemade optical cell, in which the initially transparent
sample (optical path of 0.4 cm) and a thermocouple probe are
located. Collimated light from a solid state laser (633 nm, 5 mW,
Coherent) passes through the sample and its transmittance is
recorded using a photodiode detector coupled with a computer-
interfaced optical meter (1835-C Newport).”® After recording the
transmitted intensity of the transparent sample, the temperature
of the bath is changed at a constant rate of 0.5 °C min~*. We
identify Ty, as the temperature at which a sharp decrease in
intensity is observed (cloud point). Values of T,,(Cs,$p) are
reported in the ESL

2.3 Salt-dendrimer partitioning

Samples for partitioning measurements must be prepared at
dendrimer concentrations of ~25% (w/w) in order to produce
biphasic systems with roughly equal amounts of dendrimer-
rich and dendrimer-poor phases. Due to the high dendrimer
concentration and material availability, the size of samples was
0.5 mL. To circumvent challenges related to the small sample
size and viscosity, the characterization of dendrimer-salt parti-
tioning required the development of a new experimental pro-
cedure to first equilibrate and then separate the two coexisting
liquid phases. This procedure can also be extended to LLPS
studies of other macromolecules such as proteins. Furthermore,
as described below, we have developed two assays to determine
the dendrimer and salt concentration in the two phases. Samples
for partitioning measurements were prepared as follows. A
known amount of dendrimer and salt stock solutions, and water
were mixed together so that the final system consisted of two
coexisting liquid phases at room temperature. Capped test tubes
containing our samples were then mixed vigorously using a vortex
stirrer for 5 min at room temperature to facilitate equilibration.
These samples were then immersed in a temperature-controlled

Phys. Chem. Chem. Phys., 2015, 17, 28818-28829 | 28819


http://dx.doi.org/10.1039/c5cp04642d

Published on 29 September 2015. Downloaded by TEXAS CHRISTIAN UNIVERSITY on 28/10/2015 22:00:13.

PCCP

water bath at 25.0 °C. It is important to note that sample
shaking did not lead to appreciable sample mixing due to the
sample small volume (500 pL) and viscosity. Thus, sample mixing
was achieved by test-tube rotation (0.2 rpm for two days) leading
to cyclic sample inversions inside the water bath. Afterwards,
samples were positioned vertically and held stationary to allow
for macroscopic phase separation of the two coexisting liquid
phases by gravity. When a clear interface between the two phases
is observed, aliquots (100-200 pL) from the bottom phase (I) and
the top phase (II) were transferred into small test tubes and
weighted. The aliquot from the bottom solution taken after the
intermediate region containing the liquid-liquid interface was
removed by suction using a needle connected to a vacuum pump.
The two separated samples taken from the bottom and top
phases were both centrifuged (Allegra™ 25R centrifuge, Beckman
Coulter) to verify their homogeneity. The composition of the two
phases was then characterized using a spectrophotometric assay
(for dendrimer) and a potentiometric assay (for salt). The com-
position of the two coexisting phases was reported as dendrimer
volume fraction and salt molar concentration, (gbg),Cg)) and
(8D,CiM), respectively.

2.4 Spectrophotometric assay

Our assay is based on previous binding studies on copper-
dendrimer systems.>® These studies show that the absorbance of
copper ions at 610 nm is negligible and significantly increases
with dendrimer concentration. Thus, a calibration curve was
prepared by measuring copper absorbance at 610 nm (DU 800
spectrophotometer, Beckman Coulter) as a function of dendri-
mer concentration. A small aliquot of bottom or top phase was
first diluted. An excess of copper sulfate was then added to
ensure that all dendrimer binding sites were occupied. Sodium
sulfate was found to have no effect on sample absorbance within
our experimental salt concentration range.

2.5 Potentiometric assay

Salt concentration was determined by utilizing a sodium ion-
selective electrode (Accumet). A small aliquot of a given sample
was first properly diluted with water. A known excess (90%) of
an ionic strength adjustor (triethanolamine-water solution,
5.3% v/v, pH 9.5) was then added to the diluted sample. A
calibration curve was prepared by measuring the electrode
electrical potential as a function of sodium sulfate concentration
(reported as In Cs). The effect of dendrimer concentration was
also characterized. All potentiometric measurements were per-
formed under moderate sample stirring at room temperature.
Our calibration procedure was repeated every time the composi-
tion of a new set of samples needed to be characterized.

2.6 Dye binding assay

Our binding assay was based on measuring the absorbance of
phenol blue at 646.5 nm (DU 800 spectrophotometer, Beckman
Coulter). A stock solution of phenol blue in water (0.02 mM)
was prepared by extensively stirring dye-water suspensions at
room temperature under dark conditions. The obtained stock
solution was then filtered (Nalgene filter, 0.2 um pore size).
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Solutions were then prepared by mixing the phenol blue stock
solution with water, dendrimer and sodium sulfate stock solu-
tions. For all solutions, the dye concentration was kept constant
at 0.01 M. The dendrimer concentration was also kept constant
at 1.73 mM. This concentration was chosen by verifying that the
absorbance of 0.01 M dye solutions at 646.5 nm significantly
decreases as dendrimer concentration increases up to about
1.7 mM. Thus, the fraction of dye bound to the dendrimer is
close to maximum under these conditions. The sodium sulfate
concentration in our solutions was increased up to 0.7 M.
Solutions with higher salt concentrations could not be prepared
due to solubility limitations of phenol blue and sodium sulfate
in their corresponding aqueous stock solutions. All absorbance
measurements were promptly performed on the freshly pre-
pared solutions and then repeated after 24 hours to allow for
binding to occur and reach equilibrium. Control experiments
on dendrimer-free dye solutions were also performed. All samples
were stored under dark conditions during the incubation time
of 24 hours.

2.7 Isothermal titration calorimetry

The excess internal energy associated with dendrimer-dendrimer
interactions was measured by Isothermal Titration Calorimetry
(ITC) using the MicroCal iTC200 System from GE Healthcare Life
Sciences.”" All experiments were performed at 25.0 °C. In these
experiments, dendrimer aqueous salt solution were exhaustively
dialyzed against an aqueous salt buffer (ACES, pH 7.0, 0.10 M;
sodium sulfate, 0.030 M; ionic strength, 0.14 M) and concen-
trated by ultrafiltration. The final dendrimer concentration was
determined using the spectrophotometric assay described in
Section 2.4. Dendrimer volume fractions ranged from ¢% = 0.10
to ¢p = 0.19. Small aliquots of these solutions (v = 2.0 pL) were
sequentially injected (19 injections, titrant) using a rotating
syringe into the vigorously stirred sample cell (syringe rotation,
1000 rpm) containing the aqueous salt buffer (titrand). The ITC
cell volume is V = 203.4 pL. To minimize the effects related to
minor differences in the thermodynamic activities of the buffer
components, ionic strength and pH, the filtrate obtained from
the ultrafiltration procedure was used as the titrand. The dendri-
mer volume fraction inside the ITC cell after injection k was
calculated using”*

W = kvpd/(V + 0.5kv) (1)

where the volumetric factor, V + 0.5kv, takes into account
concentration reductions due to the small sample displacement
outside the ITC cell. Each injection produced an exothermic peak
on a plot showing the power required to maintain the sample
and reference cells at the same temperature as a function of
time. The differential heat associated with each injection is
calculated as the area of the corresponding measured peak and
normalized with respect to the number of moles of the titrant.
Specifically, the differential heat per mole of the titrant is
given by

q® =[(V+0.50)(VpQW/v) — (v = 0.50) (VpQE W)/ (v?) + kirc ¢
(2)
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where QU‘) is the cumulative heat after injection &, Q(O) =0,
Vp =11.7 dm® mol ™" is the dendrimer molar volume and k¢ is
a parameter characterizing a small baseline correction. Setting
kirc = 0 gives an error lower than 5% in the determined energy
parameters. The use of the factors, V + 0.5 kv, instead of V
represents small corrections taking into account sample dis-
placement outside the ITC cell.”' The mathematical expression
shown for V,Q®/V in Section 3 is then inserted into eqn (2). Note
that superscript “k” will be omitted in Section 3 since VpQ/V is a
continuum function of the sample composition. The method of
least squares was then applied to the differential heat data
according to eqn (2). Values of ¢®(¢p,¢%) are reported in the ESLT

2.7 Dynamic light scattering

Diffusion measurements by dynamic light scattering (DLS) were
performed at 25.0 &+ 0.1 °C and 37.0 + 0.1 °C on dendrimer-
salt-water solutions. All samples were filtered through a 0.02 um
filter (Anotop 10, Whatman). The experiments were carried out
on a light scattering apparatus built using the following main
components: He-Ne laser (35 mW, 632.8 nm, Coherent Radia-
tion), a manual goniometer and a thermostat (Photocor Instru-
ments), a multi-tau correlator, an APD detector and software
(PD4042, Precision Detectors).”” All experiments were performed
at the scattering angle of 0 = 90°. The scattering vector g =
(4mn/2)sin(6/2) was calculated using n = 1.33 and 4 = 632.8 nm.
The scattered-intensity correlation functions were analyzed using
a regularization algorithm (Precision Deconvolve 32, Precision
Detectors).”® All experimental correlation functions correspond
to monomodal diffusion-coefficient distributions. The DLS
diffusion coefficient, Dpyg, was taken as the z-average diffusion
coefficient of the obtained distributions. Values of Dpg(¢p,Cs,T)
are reported in the ESL.¥

3. Results and discussion

We explored the effect of salts on the phase behavior of aqueous
solutions of PAMAM-OH, G4 aqueous solutions. While no phase
separation was observed in the presence of a mild salting-out
agent such as sodium chloride, we found that LLPS can be
induced in the presence of sodium sulfate, a stronger salting-out
agent according to the Hofmeister series.® LLPS occurred at ionic
strengths of the order of one or higher. At these high ionic
strengths, the salting-out action of salt ions on the somewhat
positively charged’* dendrimer macro ions is not expected to be
related to electrostatic interactions’® but rather to dendrimer
preferential hydration.”®®°

In the following sections, our experimental results on the
LLPS of this dendrimer-salt-water system and other related
experiments are reported. A theoretical thermodynamic model
is then developed to describe our experimental findings.

3.1 Effect of salt concentration on LLPS temperature

The composition of the ternary dendrimer-salt-water system is
given by the dendrimer volume fraction, ¢p, and salt molar
concentration, Cs. The LLPS boundary is described by the LLPS
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temperature, Ty, as a function of Cs and ¢p. We have experi-
mentally characterized Ty, as a function of Cg at several values
of ¢p. Interestingly, these experiments revealed a peculiar
temperature behavior. Specifically, LLPS switches from being
induced by lowering temperature to being induced by increas-
ing temperature as salt concentration increases and dendrimer
concentration correspondingly decreases. Our results are shown
in Fig. 1A-D. Representative temperature-turbidity profiles show-
ing LLPS induced by cooling or heating are shown in Fig. 1A
and C, respectively. In Fig. 1B and D, we report our phase-
boundary results obtained at relatively low (B, 0.3-0.5 mol dm?)
and high (D, 0.7-1.4 mol dm ) salt concentrations. In all cases,
Tpn was found to strongly depend on salt concentration. Both the
positive slopes of the Ty}, curves in Fig. 1B and the corresponding
negative slopes in Fig. 1D are consistent with sodium sulfate
promoting LLPS. Interestingly, experiments in a narrow range of
intermediate salt concentrations revealed that the turbidity of
initially homogenous samples was found to increase by both
cooling and heating as shown in Fig. 2.

3.2 Salt-dendrimer partitioning

At a fixed temperature, LLPS yields the formation of two
coexisting liquid phases with compositions (C¥, ¢{) and
(C(SH), ¢%U) for phases I and II, respectively. We have experimen-
tally characterized these compositions at 25 °C. Our results are
reported in Table 1 together with the corresponding partition-
ing coefficients defined as ACs/Adp = (C§Y — CD)/(p8) — o).
The negative values of ACs/A¢p, reflect the salting-out mecha-
nism; ie., the preferential hydration® of both solute components
leads to salt-rich (I) and dendrimer-rich (II) coexisting phases.
Note that the reported W values of 0.3 and higher correspond to
the short average particle-particle distance of about 4 nm, con-
sistent with the formation of dendrimer coacervates. Turbidity
experiments revealed that the separated coexisting phases display
opposite temperature responses, consistent with our results
reported in Section 3.1. Thus, this phase transition exhibits a
simultaneous lower and upper critical solution temperature-
type behavior.

Our values in Table 1 can be used to estimate the critical
dendrimer volume fraction, ¢§§). This was obtained by the
linear extrapolation of (¢%) + piY)/2 to [¢p8) — ¢W|*"F — 0, with
B = 0.325 (Ising exponent) and f§ = 0.5 (mean-field exponent)."”
From the corresponding plots, we found that ¢ is between
0.15 and 0.18, which correspond to salt critical concentrations,
c¥), ranging from 0.6 to 0.7 mol dm . Similarly, we have also
used the ACs/A¢p values to extract the limiting partition coeffi-
cient at the critical point, (0Cs/0¢p)r- Since these ratios show an
error of x~20%, the corresponding extrapolation error is also large.
We found that (0Cg/d¢p)r is between —3 and —2 mol dm>. Details
are reported in the ESL¥

3.3 Dendrimer diffusion coefficient

The peculiar temperature behavior of this phase transition may
be caused by salt-induced conformational changes in the flexible
dendrimers. To examine this hypothesis, we determined the
dendrimer hydrodynamic radius, Ry, at both low and high salt

Phys. Chem. Chem. Phys., 2015, 17, 28818-28829 | 28821
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Fig. 1 (A) Normalized-transmitted-intensity profile corresponding to LLPS induced by decreasing temperature, T. The LLPS temperature, Tyn, was
identified as the temperature at which a sharp decrease in intensity is observed. (B) The corresponding Ty values increase as salt concentration, Cs,
increases. The numbers associated with each curve identify the corresponding value of constant dendrimer volume fractions. The solid lines are linear fits
to the experimental data. (C) Normalized-transmitted-intensity profile corresponding to LLPS induced by increasing temperature. (D) The corresponding
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Fig. 2 Normalized-transmitted-intensity profile observed for the dendri-
mer—salt—water system at Cs = 0.51 mol dm~> and ¢p = 0.20.

Table 1 Salt—dendrimer partitioning parameters at 25 °C

cPmol dm™ ¢  c/mol dm2 ¢ (ACs/Adp)/mol dm~3 ¢

1.01 0.030 0.36 0.36 —2.0 0.25
1.19 0.038 0.33 0.35 —2.8 0.34
1.47 0.031 0.31 0.40 —-3.1 0.32
1.66 0.003 0.18 0.52 —2.9 0.26

concentrations by measuring the DLS dendrimer diffusion
coefficient, Dpg, as a function of ¢p. At ¢ = 0, Dp g becomes
the dendrimer tracer-diffusion coefficient, Dy, and the Stokes—
Einstein equation,®" Ry, = kgT/(6nnD,), can be applied, with 1 being
the known®” viscosity of the salt-water system and kg the
Boltzmann constant. According to the Stokes-Einstein equation,

28822 | Phys. Chem. Chem. Phys., 2015, 17, 28818-28829

it is convenient to calculate the normalized diffusion coefti-
cient, (6mn/kgT)Dpyrs, since it represents the inverse of an
apparent hydrodynamic radius. In Fig. 3, we plot this coeffi-
cient as a function of ¢p at low (0.05 mol dm>) and high
(1 mol dm ) salt concentrations and two temperatures, 25 and
37 °C. Experimental data were examined according to Dprs =
Dy(1 + kp ¢p), and the values D, and kp, obtained by applying
the method of least squares, are reported in Table 2 together with
the corresponding values of Ry,. In all cases, the hydrodynamic

o
w
5

0.30

(671 [kgT ) Dy / nm?

02 Lo s
0.000 0.005 0.010 0.015 0.020

9o

Fig. 3 Normalized DLS diffusion coefficient as a function of dendrimer
volume fraction, ¢p, at two salt concentrations, Cs = 0.044 mol dm™> (open
circles, 25 °C; open triangles, 37 °C) and 0.51 mol dm~* Cs = 0.949 mol dm~>
(closed circles, 25 °C; closed triangles, 37 °C). The solid lines are linear fits
through the data.
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Table 2 DLS parameters

Cg/mol n/1073

dm™>  T/°C Dy/10°m*s™' kgm 's' Ry/nm o

0.044 25.0 0.0920 #+ 0.0010 0.909 2.61 £ 0.03 1.8+ 04
0.949 25.0 0.0615 + 0.0006 1.357 2.62 +0.03 —11.6 = 0.4
0.044 37.0 0.1236 £+ 0.0014 0.706 2.60 £ 0.03 1.8+ 04

0.949 37.0 0.0852 &+ 0.0009 1.048 2.54 + 0.03 —12.7 £ 0.4

radius was found to be 2.6 nm within the experimental error.
Thus, salt and temperature have no appreciable effect on the
dendrimer size.

We now turn our attention to the values of kp in Table 2.
Since these are positive at low salt concentration, dendrimer-
dendrimer interactions are repulsive under these conditions.®*%*
On the other hand, kp becomes negative at high salt concen-
tration. This indicates that dendrimer-dendrimer interactions
become more attractive as salt concentration increases, consis-
tent with the salting-out mechanism. In Table 2, we can also see
that the effect of temperature on kp, is small.

3.4 Dendrimer-dye binding

Dendrimer conformational changes need not cause large changes
in the dendrimer size. Thus, we also characterized the effect of
salt concentration on the binding affinity of the dendrimer to
phenol blue, a dye that possesses an absorption band with a
maximum at 646.5 nm in water.*> As the polarity of the dye
environment decreases, its absorbance at 646.5 nm correspond-
ingly decreases. Thus, the binding of the dye to dendrimers will
reduce the absorbance at 646.5 nm due to its less polar pro-
perties. Since dendrimer cavity accessibility and surface proper-
ties are expected to change in the presence of conformational
changes, we expect that the dye spectrophotometric properties
be sensitive to these changes. Our results in Fig. 4 show that
dendrimer-dye binding occurs. However, no appreciable change
in absorbance is observed as salt concentration increases. Thus,
our experimental results are consistent with salt having no appre-
ciable effect on the dendrimer conformational state.

0.04

Absorbance
(=]
(=1
(-]

0‘00 1 1 1 1 1 1
0 01 02 03 04 05 06 07

C; / mol dm

Fig. 4 Absorbance of phenol blue as a function of salt concentration, Cs,
measured for freshly prepared solutions (open circles) and after 24 hours
(solid circles) at room temperature at ¢p = 0.020 (solid circles, dye-to-
dendrimer molar ratio, ~6 x 107°). The solid lines are linear fits through
the data. The open and the solid squares at Cs = 0, represent the absorbance
of the dendrimer-free solution measured for a freshly prepared solution and
after 24 hours, respectively.
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3.5 Thermodynamic model

In this section, we develop a thermodynamic model that can be
used to describe the phase behavior of dendrimer aqueous solu-
tions. Our goal is to identify an equation of state for the dendrimer
particles, which can then be used to compute the LLPS boundary.
Here, we assume that dendrimers adopt a compact conforma-
tional state consistent with the presence of a strong salting-out
agent. Since dendrimers are globular particles, the hard-sphere
suspension®® is an appropriate reference system for the proposed
model. This reference system has been normally used for other
globular macromolecules such as proteins.’” To the equation of
state of hard spheres, we add an energetic contribution describing
dendrimer-dendrimer interactions. This contribution will be sup-
ported by our ITC experiments (see Section 3.6). Finally, to describe
dendrimer-salt interactions, we consider the theory of preferential
hydration and the two-domain model developed by Timasheft”®
and Record”” in relation to protein-salt interactions in water.

According to the two-domain model, the preferential hydration
of globular macromolecules in the presence of salting-out salts can
be described by considering the existence of two domains.”””® The
first domain is represented by the salt-water layers around the
dendrimer macromolecule. This local domain is in chemical
equilibrium with a bulk domain, representing the salt-water
remaining solution. Since dendrimers interact with the salt and
water molecules in their vicinity, the concentration of salt in
the local domain is different from that of the unperturbed bulk
domain. If dendrimer preferential hydration occurs, the salt
concentration in the local domain is lower than that of the bulk
domain. This corresponds to salting-out conditions. Thus, the
local domain consists of the dendrimer particles and their
adjacent salt-depleted aqueous layer. For strong salting-out agents
such as sodium sulfate, the salt concentration in the local domain
can be thought to be negligible.

The existence of the salt-depleted layer increases the chemical
potential of a macromolecule by an amount that is equal to the
reversible work performed against salt osmotic pressure in order
to maintain salt ions outside the local domain. The presence of
salt-depleted layers favors LLPS and other macromolecular con-
densation processes because the contacts between macromole-
cules reduce the overall volume of the local domain, thereby
reducing the work contribution to the macromolecule chemical
potential. Note that this description is analogous to that used to
describe the condensation of colloidal particles in the presence
of non-adsorbing polymers.®®%°

According to the two-domain model, the thermodynamic proper-
ties of the salt in the bulk domain are the same as those of a binary
salt-water large reservoir in equilibrium dialysis with the ternary
mixture through a membrane not permeable to the dendrimer
particles. The pressure difference between the ternary mixture
and the binary reservoir is the osmotic pressure of the dendri-
mer particles. It can then be shown that (see ESIt for details)

p=pp— (1 —a+a'¢p)ps 3

where p = [IVp/RT, pp = [pVp/RT, and ps = IIgVp/RT are
unitless reduced pressure parameters, with IT being the osmotic
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pressure of the dendrimer particles, IT, being the corres-
ponding contribution in the absence of bulk domain, ITs being
the salt osmotic pressure of the binary reservoir (and the bulk
domain) in the ternary mixture, Vp = 11.7 dm® mol ' is the
dendrimer molar volume, R the ideal-gas constant and T the
absolute temperature. The quantity « in eqn (3) is the volume
fraction of the bulk domain in the ternary mixture, with
o' = do/d¢p. If the salt molar concentration in the binary
reservoir is Cg*, the salt concentration in the ternary mixture
is Cs = Cs*-o(¢p).

The salt osmotic pressure contribution, ps, can be related to
the known” temperature-dependent osmotic coefficient ¢(Cs*,T)
using

Ds = ypvs@(Cs*, T)Cs*/Cw* (4)

where yp = Vp/Viy = 645, vg = 3 for sodium sulfate, and Cw* is
the water molar concentration in the binary reservoir. At a given
Cs*/Cw*, the salt osmotic coefficient is known to increase with
temperature for sodium sulfate (see ESIt).

For a suspension of identical hard spheres with volume
fraction, ¢p, the bulk-domain volume fraction, «(¢p,T), can be
described as the probability of a successful insertion of a
distinct test hard sphere with radius equal to the thickness of
the salt-depleted layer (local domain). This implies that o(¢p,T)
can be obtained from the excess chemical potential of the test
particle, (—RTIno). We choose the expression of o obtained
from the Mansoori—Carnahan—Starling—Leland equation of
state for a binary hard-sphere mixture:*"**

a=(1 — ¢p)exp[—Anp — Byp” — Cip° + DIn(1 + yp)]

(5)

where np = ¢p/(1 — ¢p), A = 3q + 6¢° — ¢°, B = 3¢ + 4¢°,
C=2¢% D =3¢ — 2¢° and q is the ratio of the thickness of the
salt-depleted layer to the particle radius. In the limit of ¢, — 0, the
volume fraction of the bulk domain is given by x =1 — (1 + q)* ¢p.
As ¢p increases, particle—particle contacts reduce the volume of
the local domain, thereby implying that o’ = d®«/d¢y” is positive.
The parameter, g, characterizes the strength of the salting-out
interactions in our model.
For pp, in eqn (3), we propose the following expression:

Pp = (1 +bop +%¢D)¢D (6)

where the first term in parenthesis represents the ideal contri-
bution to osmotic pressure while b(¢p) and e(¢p) are temperature-
independent functions describing the steric entropic term and
the energetic contribution of dendrimer-dendrimer interactions,
respectively. The expression of b(¢p) is obtained from the
Carnahan-Starling equation of state for hard spheres:*
() = =200 )
(1 —¢p)

The quantity e(¢p) can be linked to the excess internal energy of
the dendrimer particles in the absence of the bulk domain.
This will be described by introducing the intensive properties,
wp = UpVp/V, where Uy, is the excess internal energy and V the
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total volume. The thermodynamic link between wp(¢p) and
e(¢p) is given by

wp = Ppé (¢D) (8)

where é(¢p) = ff;r’e(x)dx, with x being the integration variable
and é(0) = 0 (see ESIT for details).

3.6 Excess internal energy

The excess internal energy associated with dendrimer-dendrimer
interactions can be obtained from measurements of heat asso-
ciated with the dilution of the dendrimer particles (see Fig. 5A).
Specifically, we have measured the differential heat associated
with consecutive injections of concentrated dendrimer solu-
tions (titrant) into an initially dendrimer-free solution (titrand).
We expect that electrostatic and pH effects associated with the
dendrimer net charge and acid-base properties of the tertiary
amines are negligible in our ternary mixtures but become important
at very low ionic strengths. Thus, we have used a buffer aqueous
solution with pH = 7.0 and an ionic strength of 0.14 instead of pure
water as the titrand. As can be seen from the dilution power peaks
and the corresponding values of differential heats in Fig. 5B and C,
dendrimer dilution is an exothermic process. As dendrimer dilution
occurs, dendrimer-dendrimer contacts correspondingly decrease
thereby increasing the average exothermic hydration per dendrimer
particle. This implies that dendrimer-dendrimer net interactions in
water are endothermic.

The cumulative heat V,Q/V in eqn (2) is linked to wp by

applying

VpQ
V

bp
9
where ¢2 is the dendrimer volume fraction of the titrant
solution, and ¢, « ¢ is the dendrimer volume fraction inside
the ITC cell after a given titrant injection. Note that a simple
extrapolation of differential-heat values to ¢, — 0 gives esti-
mates of wp(¢). However, to extract accurate energy values, an
analytical expression of wp in eqn (9) is needed. This can be
obtained from the energy equation®

Zmezro

D Jo

= wp(¢p) — —op (¢) (9)

op = ru(r)g(r)dr (10)

where u(r) is the pairwise particle-particle potential energy, r is
the particle-particle distance and g(r) is the corresponding
radial distribution function. Accurate radial distribution func-
tions for interacting colloidal suspensions are available.’* In
our case, we examine the accuracy of two simple expressions of
g(r) associated with the two limiting cases of infinitely long and
infinitely short range of interactions using the observed depen-
dence of wp on ¢p. Using eqn (10), we have first examined the
van der Waals®® limiting expression of wp = e¢p?, obtained by
setting g(r) = 1 in eqn (10), where ¢ is a constant energy
parameter (positive for repulsive interactions). However, the
experimental dependence of wp, on ¢ was found to be appre-
ciably stronger than that predicted by this simple quadratic
expression. A more accurate representation of our ITC results is
achieved by considering the range of dendrimer-dendrimer
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Fig. 5 (A) Scheme describing the dilution process from the dendrimer volume fraction, ¢3 (left) to ¢p (right) occurring inside the ITC cell.
(B) Representative ITC power—time profile associated with consecutive injections of titrant solution (¢3 = 0.191) into the titrand solution inside the
ITC cell. (C) Differential heat, g, extracted from the shown power—time profile as a function of dendrimer volume fraction inside the ITC cell, ¢p, after
each injection. The solid curve is a fit through the data based on eqn (2), (9) and (11). (D) Reduced excess internal energy, wp, as a function of ¢3. The solid

curve is a fit through the data based on egn (11).

interactions as infinitely short. In other words, we assume that
dendrimer dehydration occurs only when dendrimer particles
are in close contact. To obtain the corresponding analytical
expression of wp, we set u(r) = eVpo(r — o) with r > ¢, where o is
the particle diameter, ¢ is the energy parameter and o(r — o) is
the radial Dirac function with 4n [ r?6(r — ¢)dr = 1. For g(r),
eqn (10), we take the Carnahan-Starling contact value of
(o) = (1 — ¢p/2)/(1 — ¢p)>.%° Thus eqn (10) becomes

on(¢p) = b(én) b’ (1)

The expressions of wp(¢p) and wp(¢D) given by eqn (11) are first
inserted into eqn (9). The resulting expression for V,Q/V is then
inserted into eqn (2) so that a value of ¢ and wp(¢D) can be
determined for a given ITC experiment. As we can see in
Table 3, the values of ¢ are in good agreement with each other,
thereby supporting the validity of eqn (11). A unique value of ¢ is
obtained by applying the method of least squares based on eqn (11)
to the wp(¢Y) data in Fig. 5D. We obtain ¢ = (19.9 & 0.3) kJ mol ’,
which corresponds to ¢/RT = 8.0 & 0.1 at 25 °C.

3.7 Binodal curve

The experimental LLPS properties at 25 °C are described by an
isothermal curve in the (Cs,¢p) phase diagram known as the

Table 3 ITC parameters at 25 °C

b &/k] mol™* op/k] mol™*
0.103 18.1 0.127
0.130 18.8 0.227
0.173 20.6 0.500
0.191 19.8 0.612

This journal is © the Owner Societies 2015

binodal curve. We extract the experimental binodal at 25 °C by
interpolating the turbidity data in Fig. 1B and D. The corres-
ponding experimental data are shown in Fig. 6. We then
construct a theoretical binodal starting from the equation of
state discussed in Section 3.4. After inserting eqn (6) into eqn (3),
we obtain
1 e / 2 '
gﬁ(b +V¢p)dp” — (1 — o+ dpo')ps
(12)
with e(¢p) = (¢/8)(b + b’ ¢p)¢pp from eqn (8) and (11). The corre-
sponding expression for u = (up — ud)/RT, where up is the
dendrimer chemical potential and i, its standard value, is obtained

p=(1+bép)dp +

0.4

03

9o

02 -

0.1

C; / mol dm?3

Fig. 6 Binodal data, ¢p as a function of Cs, for the dendrimer—salt—water
system at 25 °C (solid circles). The solid curve is the theoretical binodal
with g = 0.35. The solid lines are the corresponding calculated tie-lines.
The dashed curves on the left and right sides are theoretical binodal with
q = 0.40 and g = 0.30, respectively. The open diamonds represent the
location of the critical point for each binodal curve.
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from eqn (12) by applying the Gibbs-Duhem condition:
$p(0u/0¢p) 1, = (Op/OPD)7,pg:

= (Ingp +b+bgp) +5or(2b+op)dp —dps  (13)

8RT
where b(¢p) = J"/’Db

To construct the theoretlcal binodal, g in the expression of «
is left as the only parameter to be varied. For a given value of g,
the theoretical binodal is calculated in the following way. We
start from a value of pg that is just high enough to produce a
non-monotonic behavior of p(¢p) and u(¢p). At this value of ps,
we numerically determine the values of ¢{) and ¢V that satisfy
the equilibrium conditions: p(¢Y) = p(¢B”) and u(pY) = u(p").
This procedure is then repeated for higher values of pg. The
corresponding salt concentrations are obtained by first extracting
Cs* from eqn (4) and then applying C¥ = Cs*a(¢l)) and cV =
Cs*o(¢D). The compositions of the two coexisting phases, (C¥,¢)
and (CV,¢4Y), are connected by tie lines (solid lines in Fig. 6).
The critical point is calculated by the linear extrapolation of
(oY + p8Y)/2 and ps to |p8Y — $B)|VF - 0, where f = 0.5 is the
appropriate exponent for this model.

As g increases, the theoretical binodal curve horizontally shifts
towards lower salt concentrations, together with the critical salt
concentration, CY). This reflects the increasing strength of the
salting-out agent. As shown in Fig. 6, the theoretical binodal is
in good agreement with the experimental data when q = 0.35.
Correspondingly, we obtain C¥) = 0.63 mol dm > and ¢§ =
0.17, in good agreement with our experimental findings
(see Section 3.2). The proposed model also predicts the experi-
mental slope, (0Cs/0¢p)r, at the critical point. We obtain:
(0Cs/0¢p)r = —(2.4 £ 0.1) mol dm? by fitting our experimental
data in Fig. 6 around the critical point (see ESIt for details), which
is in excellent agreement with the value of —2.37 mol dm™>
calculated from the model with g = 0.35. Thus, the proposed
one-parameter model can predict two features of the binodal
that are thermodynamically independent of each other: the
location of the critical point and the boundary slope around the
critical point. However, some deviation between the experi-
mental and the model appears at salt concentrations around
~1 mol dm >,

The slope, (0Cs/0¢p)r, at the critical point also represents
the limiting value of the salt-dendrimer partitioning coeffi-
cient, ACs/A¢p, at this point as discussed in Section 3.2. It is
important to note that the value obtained from the turbidity
data is in agreement with that obtained from partitioning data
within the experimental error. Furthermore, these salt-dendrimer
partitioning data can also be used to extract values of g by
applying the condition

C(SI) C(SII)

The calculated g values, which are also included in Table 1, are
comparable with ¢ = 0.35 and range from 0.25 to 0.34. These
variations can be attributed to the large experimental error
associated with the partitioning coefficients in Table 1.

Cs* = (14)
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Finally, we have also used our thermodynamic model to
examine the behavior of the DLS diffusion coefficient. In the
limit of ¢, — 0, Dp g can be written as

Dprs = Do[1 + (kg + ks)¢p) (15)

where ky and ks are two parameters describing hydrodynamic and
thermodynamic interactions, respectively.*>** Since (0p/0¢p)r, p, =
1 + ks¢p in the limit of ¢, — 0, eqn (12) yields

ks =8+ kB—T — o (0)])5 (16)
with «”(0) = (12 + 15¢q + 64> + ¢°)¢°. If we assume that the
hydrodynamic parameter, &y, is independent of salt concentration
and temperature, and set the value of kp at Cs = 0.05 mol dm >
and 25 °C as the reference, the agreement of the other values of kp
in Table 2 with theoretical predictions is achieved when g = 0.33.
When, instead, we set ¢ = 0.35, the predicted value of &y at Cs =
0.95 mol dm 2 is about 20% lower than that reported in Table 2.
This is still an acceptable result considering that we have approxi-
mated kg as a constant. Our model also predicts that the tem-
perature dependence of kp, is small, consistent with our findings
(see ESIt for details).

3.8 LLPS thermal behavior

We now examine the anomalous temperature response dis-
cussed in Section 3.1. The observed thermal behavior can be
thought as the net result of at least two thermodynamic factors
of comparable contribution but with opposite temperature
responses. Thus, a quantitative prediction of the behavior of
Tpn(Cs, ¢p) is difficult to achieve. However, our model can be
used to understand the two main features of LLPS: (1) LLPS
switches from being induced by cooling to being induced by
heating as Cs increases and ¢, correspondingly decreases (see
Fig. 1(A-D)); and (2) the existence of a narrow composition
domain in which LLPS can be induced by both increasing and
decreasing temperature (see Fig. 2).

According to eqn (3), pp, ps and « are the three quantities
regulating the thermodynamic behavior of the ternary dendri-
mer-salt-water system. The first quantity, pp, describes the net
dendrimer-dendrimer interactions in the absence of the bulk
domain. Since our ITC results show that dendrimer-dendrimer
interactions are endothermic, dendrimer-dendrimer repulsion
decreases as temperature increases. The second quantity, ps,
describes salt thermodynamic non-ideality. According to osmotic-
coefficient data,” ps increases with temperature at any given salt
concentration. Thus, the salt effectiveness in inducing LLPS
increases with temperature. Clearly, the thermal behavior of both
Pp and ps indicates that LLPS should be induced only by heating.
While this analysis is in agreement with the experimental behavior
observed at low ¢p, it fails to predict the thermal behavior observed
at high ¢p. To address this aspect within the framework of our
model, we assume that the parameter g in the expression of o
increases as temperature decreases. This implies that the salting-out
strength of salt increases as temperature decreases.

As a numerical example, we compute the binodal at three
representative temperatures, 25, 15 and 5 °C. The corresponding
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Fig. 7 Calculated relative binodal curves, ¢p — (7)(5“, as a function of Cs,
where ¢ represents the binodal at 25 °C. The numbers associated with
each curve identify the corresponding value of temperature. The values of
q for the binodal curves at 25, 15 and 5 °C are 0.3500, 0.3544 and 0.3604,
respectively.

values of g(7) are chosen to be 0.3500, 0.3544 and 0.3604,
respectively. In Fig. 7, we plot ¢p — ¢ as a function of Cs,
where ¢{3)(Cs) represents the binodal curve at 25 °C set as the
reference. The three relative boundaries are shown in this
figure with that at 25 °C being located at ¢, —¢Y = 0. Points
below and above a given boundary correspond to homogenous
mixtures and biphasic systems at the boundary temperature,
respectively. According to the computed curves, a point on the
15 °C binodal at Cg ~ 0.3 mol dm ™ represents a homogeneous
mixture at 25 °C but a biphasic system at 5 °C. On the other
hand, a point on the same binodal at Cg ~ 0.8 mol dm > is
associated with the opposite thermal behavior. This is in
agreement with our experiment results in Fig. 1A-D. Moreover,
note that the binodal at 15 °C is located above the other two
binodals when Cs ~ 0.5-0.6 mol dm>. Thus, at these inter-
mediate salt concentrations, a point slightly below the 15 °C
binodal represents a homogeneous mixture at 15 °C but a
biphasic system at both 5 °C and 25 °C. This is in agreement
with the thermal behavior illustrated in Fig. 2.

The proposed model successfully predicts that cooling-
induced LLPS occurs at high ¢p. This can be understood by
recognizing that an increase in ps favors LLPS. Thus, we examine
the dependence of ps on temperature at constant Cs based on the
observation that ps is directly proportional to ¢ Cs* (see eqn (4))
with Cg* = Cg/a. If o is independent of temperature, pg increases
with T due to the corresponding increase in the salt osmotic
coefficient, ¢. Under these conditions, LLPS can only be favored
by heating. However, if o is a function of temperature, then the
corresponding temperature dependence of Cs* (at constant Cs)
will also contribute to the behavior of ps. In our numerical
example, « increases with T, thereby implying that ps may
decrease as T increases if the temperature dependence of « is
sufficiently strong. Under these conditions, LLPS will be favored
by cooling. It is important to remark that this effect is expected to
prevail at relatively high ¢p. Indeed, according to the proposed
model, LLPS is expected to be always favored by heating at
sufficiently low ¢, since o« becomes independent of temperature
in the limit of ¢p — 0; ie., v — 1 independent of ¢(7).
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4. Conclusions

LLPS of aqueous solutions of the PAMAM G4-OH dendrimer in
the presence of sodium sulfate was observed. To explain the
experimental binodal at 25 °C, a thermodynamic model, which
includes dendrimer-dendrimer interaction energy (¢), salting-
out strength of salt (g) and the available salt osmotic coefficient
(¢) of the binary salt-water system, was developed. Parameter ¢
was characterized by ITC so that g remains the only parameter
to be determined. It was shown that the model agrees with both
the location of the experimental binodal and its slope around
the critical point when g = 0.35. The proposed thermodynamic
model also predicts that the observed unusual temperature
behavior can be explained if ¢(7) and ¢(T) have opposite tem-
perature effects on LLPS, with ¢(7) dominating at low ¢, and
q(T) prevailing at high ¢p. This work contributes to the funda-
mental understanding of the phase behavior of dendrimer aqueous
solutions and the effect of salting-out agents on macromolecules in
general. Our experimental findings and theoretical model apply to
the PAMAM-OH dendrimer chosen in this investigation. Never-
theless, these studies can be used as the starting reference point for
LLPS studies on other dendrimer systems. One important aspect to
investigate will be how the LLPS behavior depends on the composi-
tion of surface terminal groups.

This investigation also provides guidance for the development of
LLPS-based methods for guest encapsulation and the preparation of
novel dendrimer materials. For example, guest molecules could be
first added to a dendrimer aqueous solution at very low ionic
strengths. Under these conditions, guest encapsulation is favored
by the more open conformational state assumed by dendrimers.
In a second step, non-toxic salts such as sodium sulfate could be
added to the solution in order to promote a more compact
conformational state of the guest-loaded dendrimers and induce
dendrimer condensation (LLPS). This would result in the separa-
tion of the loaded dendrimerrich phase from the remaining
aqueous solution. As a second potential application, the coacerva-
tion of low-generation dendrimers could be exploited to produce
dendrimer nano/microspheres with high guest loading capacity.
This would circumvent the need of preparing high-generation
dendrimers, which are relatively hard to synthesize, poorly soluble
and sterically hindered.
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